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FOREWORD 
This report was prepared by the Research Triangle Institute, 
Research Triangle Park, North Carolina, on NASA Contract NASr-222, 
"Feasibility Study of Piezotransistor Accelerometer". 
administered under the directions of the Instrument Research Division 
at Langley Research Center by Mr. John Olivero and Mr. Charles Hardesty 
and of the Office of Advanced Research and Technology Division at NASA 
Headquarters by Ur. wolrgang Menzel. 
This work was 
This study began in June 1964 and was concluded in October 1966. 
The present report covers the period from September 1965 to October 
1966. 
Triangle Institute under the general direction of Dr. R: M:Burger. 
While Dr. J. J. Wortman was the project engineer, the entire technical 
staff has participated to some degree in this effort. Specific credits 
are due Dr. J. R. Hauser, P. P. Rasberry, R. R. Stockard, H. L .  Honbarrier 
and A. D. Brooks for their invaluable contribution in this investigation. 
Thanks are also due Mr. T. 0. Finley at the Langley Research Center for 
his aid in testing the accelerometers. 
It was performed by the Solid State Laboratory of the Research 
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Sect ion  I 
INTRODUCTION AND DISCUSSION 
The purpose of  t h i s  s tudy  has been t o  determine t h e  f e a s i b i l i t y  of  
u t i l i z i n g  t h e  p iezojunct ion  e f f e c t  as t h e  sensory phenomenon i n  acce le-  
rometers and o the r  t ransducers .  The p resen t  r e p o r t  covers  t h e  second 
year  of  s tudy .  
r epor t ed  on i n  t h e  f i r s t  annual r e p o r t  i n  September 1965 ( h e r e a f t e r  
r e f e r r e d  t o  as I). 
d e t a i l  here .  The reader  is, the re fo re ,  r e f e r r e d  t o  t h e  f i r s t  annual 
r e p o r t  i n  o rde r  t o  apprec i a t e  the  t o t a l  r e s u l t s  of t h i s  s tudy.  
t h e  p re sen t  r e p o r t  cons iders  some o f  t h e  more fundamental concepts of  
t h e  phenomenon, it is  p r imar i ly  concerned wi th  t h e  a p p l i c a t i o n s  of 
t h e  phenomenon and i n  p a r t i c u l a r  t h e  development of  t h e  s i l i c o n  needle  
senso r .  
The major f ea tu res  of t h e  p iezojunct ion  phenomenon were 
The r e su l t s  repor ted  t h e r e  w i l l  no t  be repea ted  i n  
Although 
A s  shown i n  I, l a r g e  mechanical stress appl ied  t o  t h e  junc t ion  
area i n  s i l i c o n  and germanium p-n j u n c t i o n  devices  can cause l a r g e  
r e v e r s i b l e  changes i n  t h e  e l e c t r i c a l  p r o p e r t i e s  of t h e  devices .  I n  
diodes,  t h e  junc t ion  cu r ren t ,  a t  a cons tan t  app l i ed  vo l t age ,  can b e  
made t o  inc rease  by o rde r s  o f  magnitude. I n  t r a n s i s t o r s ,  s t r e s s  causes  
a l a r g e  decrease i n  ga in .  Four- layer  switches experience a decrease 
i n  break-over vol tage  wi th  s t r e s s .  
The e f f e c t  o f  stress on four - layer  switches has  been considered 
i n  some d e t a i l  s i n c e  i t  i s  p a r t i c u l a r l y  a t t ract ive f o r  use i n  t r ans -  
ducers  which g ive  a d i g i t a l  output as shown i n  I. 
A t h e o r e t i c a l  d i scuss ion  o f  t h e  e f f e c t s  of mechanical stress on 
t h e  e lectr ical  c h a r a c t e r i s t i c s  of  p-n-p-n diodes i s  given i n  
. 
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Appendix A .  
t h e  switch is  s t r e s sed ,  t h e  break-over vo l t age  decreases .  I f  only 
a s m a l l  region of  t h e  switch i s  s t r e s s e d ,  t h e  break-over vo l t age  can 
inc rease .  
however, due t o  t h e  complexity o f  t h e  problem, i t  has  no t  been 
poss ib l e  t o  make any meaningful d i r e c t  comparison wi th  t h e  theory .  
A pressure  t ransducer  based on a p-n-p-n switch i n  a r e l a x a t i o n  
o s c i l l a t o r  i s  discussed i n  s e c t i o n  4 . 4 .  
It i s  shown t h e r e  t h a t  i f  t h e  t o t a l  j u n c t i o n  area of 
Both of t hese  e f f e c t s  have been v e r i f i e d  experimental ly ,  
Although d i r e c t  s t r e s s i n g  of  a fou r - l aye r  switch i s  d e s i r a b l e  
i n  many cases ,  t he  same e f f e c t  can be obta ined  by us ing  a s t r e s s e d  
diode t o  b i a s  t h e  g a t e  i n  comnercial fou r - l aye r  swi tches .  Relaxat ion 
o s , i l l a t o r s  based on t h i s  p r i n c i p l e  a r e  discussed i n  Sec t ion  V .  
The e f f e c t s  of  mechanical s t r e s s  on t h e  breakdown vo l t age  o f  
p-n junc t ions  i s  discussed i n  Appendix B. (Appendix B i s  a copy of 
a paper published i n  t h e  September, 1966, i s s u e  of The Journa l  of 
Applied Phys ics , )  It i s  shown the re  t h a t  t h e  breakdown vo l t age  o f  
s i l i c o n  diodes i s  reduced by mechanical s t r e s s .  The s e n s i t i v i t y  of 
t h e  breakdown vo l t age  t o  s t r e s s  i s  much sma l l e r  than f o r  example the  
c u r r e n t  i n  diodes.  The r e l a t i v e  change i n  breakdown vo l t age  i s  
given by 
-12 2 - AV ry - (10 c m  /dyne) 0 , T r  - 
"B 
where a i s  the magnitude of  t h e  appl ied  stress. The e f f e c t  i s  shown 
t o  be independent o f  c r y s t a l  o r i e n t a t i o n .  I n  germanium, t h e  e f f e c t  
i s  a much more complicated func t ion  of t h e  stress. For low stress 
3 
l e v e l s  AV/V 
i n  AVlV,. 
i nc reases  whi le  a l a r g e  stress l e v e l  g ives  a decrease  B 
To da te ,  t h e  e f f e c t  of s t r e s s  on t h e  breakdown vo l t age  has  not  
been explo i ted  i n  any t ransducer  a p p l i c a t i o n s .  I n  o rde r  t o  u t i l i z e  
t h e  e f f e c t ,  one need only  b i a s  t h e  diode t o  be s t r e s s e d  i n  t h e  break- 
down reg ion .  I f  t h e  vo l t age  i s  h e l d  cons tan t  ac ross  a device which 
has  a hard breakdown, a small change i n  t h e  breakdown vol tage  w i l l  
r e s u l t  i n  l a r g e  changes i n  t h e  junc t ion  c u r r e n t .  S ince  t h e  breakdown 
vo l t age  of p-n junc t ions  i s  r e l a t i v e l y  i n s e n s i t i v e  t o  temperature 
changes, t h e  use  of t h i s  mode of ope ra t ion  i n  p-n j u n c t i o n  sensors  
could prove very  f r u i t f u l .  
Due t o  t h e  l a r g e  stress l e v e l s  requi red  t o  cause t h e  p iezojunct ion  
e f f e c t ,  t h e r e  have been only two methods used t o  s t r e s s  t h e  junc t ions  
i n  t ransducer  a p p l i c a t i o n s .  The f i r s t  of t hese  i s  t o  couple t h e  
mechanical stress t o  t h e  des i red  junc t ion  a rea  by means of a diamond, 
sapphi re ,  o r  s t e e l  needle  o r  indenter .  This method w a s  t he  f i r s t  t o  
be  used and has  t h e  a t t r i b u t e  of a l lowing complicated junc t ion  devices  
t o  be s t r e s s e d .  Some app l i ca t ions  which u t i l i z e  t h i s  method a r e  d e s -  
c r ibed  i n  t h e  following sec t ions  o f  t h i s  r e p o r t .  The second method 
f o r  applying the  l a r g e  stress l e v e l s  was developed during t h e  present  
s tudy  and was repor ted  i n  I. T h i s  method i s  t h e  inve r se  of  t h e  indenter  
method i n  which t h e  p-n junc t ion  o r  j unc t ions  t o  be s t r e s s e d  a r e  formed 
on t h e  apex of a s i l i c o n  needle  ( s i l i c o n  needle  senso r ) .  Much e f f o r t  
h a s  been placed on t h i s  approach and i t s  use  i n  t ransducers  during t h e  
p a s t  year  of  s tudy .  These r e s u l t s  i n d i c a t e  t h a t  t h e  approach i s  sound 
and it shows g r e a t  promise f o r  u s e  i n  a v a r i e t y  of t ransducer  a p p l i c a t i o n s .  
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A v a r i e t y  of t ransducers  and conf igu ra t ions  have been inves t iga t ed ,  
however, t he  major emphasis has been on t h e  demonstration of  t h e  use  of  
t h e  piezojunct ion sensor  i n  acce lerometers .  A dual  diaphragm accelerom- 
e t e r  which u s e s  a s i l i c o n  needle  sensor  has  been developed and t e s t e d .  
This accelerometer  can be made t o  ope ra t e  over  a l a r g e  range of  
acce le ra t ions  wi th  both ac and dc. It i s  i n s e n s i t i v e  t o  c ros s  a x i s  
a c c e l e r a t i o n  and can have r a t h e r  l a r g e  resonant  f requencies .  
Methods f o r  achieving d i g i t a l  ou tputs  i n  p iezojunct ion  sensors  
have been considered as wel l  as analogue ou tpu t s .  
j unc t ion  sensors  a r e ,  themselves, s o l i d  s t a t e  devices ,  they a r e ,  of  
course,  i d e a l  elements t o  use wi th  convent ional  microe lec t ronic  
techniques .  
S ince  t h e  piezo-  
Included i n  Appendix C i s  a copy of  a paper which w a s  publ ished 
i n  t h e  August, 1966, i s s u e  of t he  Journa l  of  Applied Physics  which 
descr ibes  the e f f e c t s  of mechanical stress on t h e  generation-recombi- 
na t ion  cur ren t  i n  p-n junc t ions .  
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Sect ion I1 
SILICON NEEDLE STRESS SENSOR 
2.1 In t roduc t ion  
It has  become evident  during t h e  course  of  t h i s  s tudy t h a t  t h e  
"semiconductor needle" approach t o  u t i l i z i n g  t h e  p iezojunct ion  phe- 
nomenon i n  t ransducers  h a s  many advantages over  o t h e r  known methods. 
I n  t h i s  approach, t h e  sensory junc t ion  o r  j unc t ions  are formed on 
the  apex o f  a sernicuduc:Lor 11eacllt: as shown in Fig. 2-1. The apex 
o f  t h e  needle  i s  pressed aga ins t  a smooth hard su r face  t o  c r e a t e  t h e  
des i r ed  mechanical s t r e s s  i n  the j u n c t i o n  o r  junc t ions .  The magni- 
tude  o f  t h e  mechanical f o r c e  on t h e  needle  causes  t h e  e l e c t r i c a l  
c h a r a c t e r i s t i c  of t h e  junc t ion  o r  j unc t ions  t o  change r e s u l t i n g  i n  
t h e  des i r ed  t ransducer  a c t i o n .  
The e l e c t r i c a l  and stress c h a r a c t e r i s t i c s  of needle  t ransducers  
n o t  on ly  depend on t h e  q u a l i t y  of  t h e  p-n junc t ions  but  a l s o  depend 
on t h e  geometry and su r face  roughness o f  t h e  needle  poin t .  
t o  f ab r i ca t e ,  i n  a reproducible  manner, needle  sensors ,  one must be 
a b l e  t o  con t ro l  t h e  needle  geometry. Work on t h i s  phase of t h e  
p re sen t  s tudy  has  l e d  t o  t h e  following f a b r i c a t i o n  techniques.  
I n  o rde r  
The needle  sensor  is formed by: (1) f a b r i c a t i n g  t h e  des i r ed  
s i l i c o n  blank ( rec tangular  rod) , (2) c leaning  t h e  blank, (3) e l e c t r o -  
e t ch ing  a c o n i c a l l y  shaped poin t  on t h e  blank, ( 4 )  cleaning,  and 
(5) forming t h e  p-n junc t ion  o r  j unc t ions  on t h e  apex of t h e  needle.  
2.2 Needle Fabr i ca t ion  Method 
The f i r s t  s t e p  i n  t h e  needle f a b r i c a t i o n  process  i s  t o  form t h e  
need le  blank. The blank i s  a r ec t angu la r  b a r  o f  s i l i c o n  approximately 
6 
4 
S i l i c o n  n- type 
Fig. 2-1. A Sketch of the Silicon Needle Diode Sensor. 
€fus ion  
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1 /2  inch  long and 20 m i l s  on each s ide .  
are not  important  w i t h  t h e  except ion t h a t  t h e  s i d e s  must be ve ry  
n e a r l y  equal  (square perpendicular  t o  t h e  axis). 
square t o  w i t h i n  1 /2  m i l  on each s ide ,  t h e  r e s u l t i n g  needle  t i p  w i l l  
be  wedge shaped and not  conica l  as des i red .  A round rod i s  more de- 
s i r a b l e  than  a square rod, however, experiments have shown t h a t  t h e  
square  b a r s  are  acceptab le .  
The dimensions o f  t h e  b a r  
I f  t h e  rod i s  no t  
A c leaning  process  similar t o  t h a t  used connnercially i n  t h e  pro 
duc t ion  of  semiconductor devices  w a s  modified and used t o  c l ean  t h e  
s i l i c o n  s t a r t i n g  blanks i n  order  t o  i n s u r e  proper  e tching.  This  
process  i n  s t e p  form i s  as follows: 
(1) U l t r a s o n i c a l l y  c l ean  i n  TCE f o r  2 minutes. 
(2) Rinse i n  TCE. 
(3) Clean i n  Acetone f o r  5 - 10 minutes. 
(4) Rinse i n  de- ionized water. 
(5) Dry on f i l t e r  paper. 
(6) P l a t e  i n  CuS04, HI? so lu t ion  f o r  5 minutes. 
(7) Rinse two t i m e s  i n  de-ionized water. 
(8) Rinse i n  HN03 (70%) 3 t i m e s .  
(9) Rinse i n  de-ionized water. 
(10) B o i l  i n  30% H 0 f o r  10 minutes. 
(11) Rinse i n  de-ionized H20. 
(12) U l t r a s o n i c a l l y  c l ean  i n  de-ionized H20 5 minutes. 
(13) Rinse 3 t i m e s  i n  de-ionized H20. 
(14) Rinse i n  Acetone 2 - 4 minutes. 
(15) Dry on f i l t e r  paper. 
2 2  
(16) Rinse i n  HN03 a t  50'C. 
8 
, 
The purpose of  t h i s  procedure i s  t o  thoroughly remove a l l  con- 
taminants from t h e  su r face  of  t h e  s i l i c o n ,  inc luding  any t h a t  might 
have been introduced during t h e  mechanical s l i c i n g  opera t ion .  
The next  s t e p  i n  t h e  needle  formation process  i s  t h e  e l e c t r o -  
chemical e tching of t h e  needle  t i p .  This w a s  done by s lowly lowering 
and r a i s i n g  one end of t h e  needle  blank i n t o  the  e t ch  so lu t ion .  An 
e l e c t r i c  p o t e n t i a l  (a.c.) w a s  maintained between t h e  needle  blank and 
an e l ec t rode  i n  t h e  e tch  so lu t ion .  A motor dr iven  appara tus  was de- 
signed and assembled which con t ro l l ed  t h e  amount o f  t i m e  t h e  s t a r t i n g  
bar  remained i n  t h e  e tch ing  s o l u t i o n  and t h e  depth t o  which i t  i s  
submerged. It i s  d e s i r a b l e  t h a t  t h i s  depth be as shallow as p o s s i b l e  
i n  t r d e r  t h a t  t h e  mechanical s t r e n g t h  of  t h e  f i n a l  needle  be 
maximized. The shal lowest  depth p r a c t i c a l  was found t o  be approxi- 
mately 1 / 8  of  an inch. 
t r i e v e d  from the  etching s o l u t i o n  by a p i s t o n  d r iven  by t h e  motor 
through a l eve r  arm. A photograph of  the appara tus  i s  shown i n  F i g .  2-2.  
The s i l i c o n  ba r  w a s  submerged i n t o  and r e -  
The s o l u t i o n  used t o  e t ch  t h e  r ec t angu la r  s i l i c o n  b a r s  i n t o  
needles  was composed of 
t r a t e d  HF. The mixture 
by volume o f  HF and w a s  
a mixture  o f  concent ra ted  HNO and concen- 
r a t i o  was def ined  as volume of  HNO divided 
v a r i e d  from a high of  14 t o  a low o f  3.5 i n  
3 
3 
an e f f o r t  t o  determine i t s  e f f e c t  on t h e  completed needle .  
Simultaneously, t h e  e l ec t roe t ch ing  c u r r e n t  w a s  v a r i e d  from 20 ma  t o  
70 ma.  
chemical and e l e c t r i c a l  e tch ing  phenomena. It w a s  determined t h a t  a 
mixture  r a t i o  above 7 w a s  no t  s u f f i c i e n t  to provide  a proper  chemical 
con t r ibu t ion  t o  t h e  e tch ing  process  wh i l e  a r a t i o  below 4.5 provided 
an excess ive  chemical con t r ibu t ion .  A low r a t i o  caused a n  "orange 
The purpose of t h i s  procedure w a s  t o  o b t a i n  a ba lance  between 
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F i g .  2 - 2 .  Photograph o f  t h e  Apparatus Used t o  Etch  t h e  S i l i c o n  Bars 
I n t o  Needles .  
p e e l "  e f f e c t  on t h e  s u r f a c e  o f  t h e  n e e d l e  t i p  and caused t h e  cone o f  t h e  
n e e d l e  t o  have a n  uneven p r o f i l e .  
m i x t u r e  r a t i o  i s  shown i n  F ig .  2-3 .  A h i g h  m i x t u r e  r a t i o  r e s u l t e d  i n  
b l u n t  t i p s  because e t c h i n g  a c t i o n  w a s  n o t  s u f f i c i e n t  t o  e f f e c t i v e l y  
sharpen  t h e  s i l i c o n .  An example o f  a h igh  r a t i o  i s  shown i n  F i g .  2 - 4 .  
An example of a n  e x c e s s i v e l y  low 
When t h e  mixture  r a t i o  w a s  o u t s i d e  t h e  p r e s c r i b e d  bounds, a proper  
A b a l a n c e  could n o t  be a t t a i n e d  by manipula t ing  t h e  c u r r e n t  l e v e l .  
c u r r e n t  level  above approximately 60 m a  i n c r e a s e d  t h e  e l e c t r i c a l  c o n t r i -  
b u t i o n  t o  a p o i n t  o f  u n a t t a i n a b l e  e q u i l l i b r i u m  w h i l e  c u r r e n t  below 20 m a  
r e s u l t e d  i n  a n  unbalance i n  favor  of  chemical  e t c h i n g .  The optimum 
m i x t u r e  r a t i o - c u r r e n t  combination w a s  found t o  be approximately 4.7 a t  
10 
F i g .  2 - 3 .  Photomicrograph o f  a S i l i c o n  Needle - Low Mixture  R a t i o  
(1 Q-cm n - t y p e  s i l i c o n ) .  
F i g .  2-4.  Photomicrograph o f  a S i l i c o n  Needle  - High M i x t u r e  R a t i o  
(1 R - c m  n - t y p e  s i l i c o n ) .  
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50 ma. However, t h e  cu r ren t  l e v e l  d id  no t  have n e a r l y  as much a f f e c t  
on t h e  needle  as d id  t h e  mixture r a t i o .  
Also worthy o f  no te  i s  t h e  manner i n  which t h e  s o l u t i o n  was mixed 
and which had a s i g n i f i c a n t  e f f e c t  on t h e  r e s u l t a n t  needle.  A non- 
uniformly mixed s o l u t i o n  produced needles  o f  va r ious  uncon t ro l l ab le  
geometries w i th  a l l  o t h e r  parameters f ixed .  This  problem w a s  a l l e v i -  
a t e d  by a g i t a t i n g  t h e  mixture fo r  a per iod  of  10 t o  15 minutes before  
t h e  e l ec t roe t ch ing  process  was i n i t i a t e d .  
The parameters o f  t i m e  and d i p - r a t e  were found t o  be equa l ly  as 
important as t h e  mixture  r a t i o  and cu r ren t  parameters.  The d i p - r a t e  
parameter i s  t h e  rate a t  which t h e  s i l i c o n  blank i s  lowered i n t o  and 
withdrawn from t h e  e tch ing  so lu t ion .  The t i m e  parameter i s  t h e  elapsed 
t i m e  from t h e  beginning t o  t h e  end of  t h e  dipping process .  An ex- 
c e s s i v e l y  s h o r t  t i m e  provided i n s u f f i c i e n t  e tch ing  and l e f t  t h e  needle  
w i t h  a concave cone and a b lunt  t i p .  
excess ive  e tch ing  and l e f t  t h e  needle  wi th  a convex cone and a b lun t  
t i p .  
example of  excessive t i m e  i s  depicted by t h e  needle  t i p  i n  t h e  photo- 
micrograph of  Fig. 2-5 whi le  the  e f f e c t  o f  i n s u f f i c i e n t  t i m e  can be seen 
i n  Fig.  2-6. 
An excess ive ly  long t ime provided 
The optimum t i m e  was found t o  be approximately 4 minutes. An 
The d i p - r a t e  w a s  found t o  have a de t r imenta l  a f f e c t  on t h e  f in i shed  
need le  only  i f  t h i s  ra te  w a s  very low. A t  low d ip  rates, an  "orange 
peel"  e f f e c t  was p resen t  on the  s u r f a c e  o f  t h e  etched po r t ion  o f  t h e  
needle .  This  was a t t r i b u t e d  to  chemical e tch ing  during t h e  up po r t ion  
o f  t h e  d ip  r a t e  cyc le .  
some r e s i d u a l  s o l u t i o n  w a s  withdrawn along wi th  t h e  needle,  and a t  low 
d i p - r a t e s ,  had s u f f i c i e n t  time t o  react wh i l e  t h e  needle  w a s  o u t  of  
Chemical e tch ing  w a s  caused by t h e  f a c t  t h a t  
1 2  . 
1 
F i g .  2-5. Photomicrograph o f  1 R - c m  n- type S i l i c o n  Needle - Etching 
Time 6 min. (each d i v i s i o n  i s  .04 nun). 
F ig .  2 - 6 .  Photomicrograph o f  1 R - c m  n- type S i l i c o n  Needle - Etching  
T i m e  3 min. (each d i v i s i o n  i s  .04 mm) . 
I .  
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t h e  so lu t ion .  S ince  t h e  needle  was out  o f  t h e  s o l u t i o n  and thus  no 
c u r r e n t  could flow, t h e  e tch ing  a c t i o n  was a l l  chemical during t h i s  
po r t ion  of  t h e  cycle .  
c r eas ing  t h e  d i p - r a t e  t o  approximately 20 cyc le s  p e r  minute. 
The "orange peel" e f f e c t  w a s  e l imina ted  by in-  
The in f luence  of  t h e  var ious  parameters such as mixture  r a t i o ,  
e tch ing  cu r ren t ,  t i m e  and d ip - ra t e  on t h e  f i n a l  needle  are summarized 
i n  Table I. 
t h e  only  parameter apprec iab ly  a f f e c t e d  by a change i n  r e s i s t i v i t y  i s  
t h e  c u r r e n t  level. A higher  cu r ren t  is  r equ i r ed  f o r  lower r e s i s t i v -  
i t i e s  material and vice versa. No  apprec i ab le  e f f e c t  has  been noted 
f o r  a change from n t o  p-type s i l i c o n .  
s t a r t i n g  blanks,  an  u l t r a v i o l e t  l i g h t  source a i d s  t h e  e tch ing  process.  
Using t h e  r e s u l t s  o f  t hese  experiments, i t  has  been p o s s i b l e  t o  
Table  I w a s  obtained f o r  1 ohm-cm n-type s i l i c o n .  However, 
For  very  h igh  r e s i s t i v i t y  
reproducib ly  f a b r i c a t e  s i l i c o n  needles  wi th  approximately t h e  des i r ed  
geometr ical  p rope r t i e s .  The r a d i i  o f  curva ture ,  as we l l  as t i p  lengths  
and su r face  c h a r a c t e r i s t i c s ,  can be c o n t r o l l e d  t o  t h e  necessary 
to l e rances .  
are shown i n  t h e  photomicrographs o f  Fig. 2-7. 
t h a t  t h e  motor dr iven  apparatus  i s  capable  o f  e tch ing  any number of 
needles  simultaneously.  
Two needles  made using t h e  optimum parameters of Table I 
It should be noted 
2.3  Junc t ion  Formation 
Once t h e  needle  f a b r i c a t i o n  process  w a s  per fec ted ,  t h e  next  l o g i c a l  
s t e p  i n  t h e  development of  improved needle  sensors  w a s  t h e  junc t ion  fab- 
r i c a t i o n  process .  
p rocess  wi th  primary emphasis on t h e  method o f  j unc t ion  area d e f i n i t i o n .  
An e f f o r t  was made t o  c o n t r o l  t h e  parameters of  t h i s  
14 
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Fig. 2-7. Photomicrograph of Two Silicon Needles Fabricated Using 
Optimum Parameters of Table I (1 Q-cm n-type silicon). 
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The stress s e n s i t i v i t y  of p-n junc t ions  depends, among o t h e r  
f a c t o r s ,  on t h e  r a t i o  of  s t r e s s e d  t o  uns t ressed  j u n c t i o n  a rea .  
Therefore,  i t  i s  d e s i r a b l e  t h a t  as much of t he  j u n c t i o n  a r e a  as p o s s i b l e  
be exposed t o  the  appl ied  stress. 
some of  t h e  ea r ly  needle  sensors  w a s  a t t r i b u t e d  t o  t h e  f a c t  t h a t  t h e  
junc t ion  area on the  t i p  o f  t h e  needles  was l a r g e  wi th  r e s p e c t  t o  t h a t  
po r t ion  of t h i s  a r e a  which was a c t u a l l y  s t r e s s e d .  
taken t o  develop a technique of  j unc t ion  d e f i n i t i o n  which would reduce 
t h e  t o t a l  j unc t ion  a r e a  t o  t h a t  a c t u a l l y  s t r e s s e d .  
The i n s e n s i t i v i t y  t o  s t r e s s  noted i n  
An e f f o r t  w a s  under- 
The present  s tudy has  been confined t o  t h e  p l ana r  process  f o r  
f a b r i c a t i n g  junc t ions  on t h e  t i p  of  t h e  needles .  
were o r i g i n a l l y  f ab r i ca t ed  by f i r s t  growing an  oxide on t h e  e n t i r e  
s i l i c o n  needle.  
resist (such as KTFR) which remains i n t a c t  a f t e r  t h e  exposure and 
developing process .  
lowered i n t o  molten black wax which def ined t h e  junc t ion  area and was 
then exposed t o  u l t r a v i o l e t  l i g h t .  S ince  t h e  area of  t h e  junc t ion  was 
determined by t h e  depth t o  which t h e  needle  t i p  w a s  lowered i n t o  t h e  
p r o t e c t i v e  wax, t h i s  was t h e  most c r i t i ca l  and most d i f f i c u l t  s t e p  t o  
con t ro l  i n  t h e  process.  
t h e  very  t i p  of t h e  needle  and even more d i f f i c u l t  t o  mask two needles  
i d e n t i c a l l y .  Although t h i s  masking technique w a s  somewhat successfu1,  
t h e  need f o r  a more p r e c i s e  method l e d  t o  t h e  development of  o t h e r  
techniques . 
Plana r  needle  sensors  
The oxide covered needle  was then  coated wi th  photo- 
To expose t h e  t i p  of t h e  needle,  it w a s  c a r e f u l l y  
It w a s  most d i f f i c u l t  t o  conf ine  t h e  wax t o  
The f i r s t  technique inves t iga t ed  i n  an  a t tempt  t o  o b t a i n  a junc t ion  
only  on t h e  por t ion  o f  t h e  needle  t o  be s t r e s s e d  
t h e  pho to res i s t  coated needle  i n t o  a g l a s s  beaker u n t i l  t h e  needle  t i p  
c o n s i s t e d  of  lowering 
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came i n t o  con tac t  
f i l l e d  wi th  b lack  
The idea  h e r e  was 
wi th  t h e  bottom o f  t h e  
ink  f o r  t h e  purpose of 
t h a t  on ly  the ve ry  t i p  
beaker. The beaker was then  
a t t e n u a t i n g  t h e  exposure l i g h t  
of t he  needle  would touch t h e  
g l a s s  and t h a t  only t h i s  por t ion  o f  t h e  p h o t o r e s i s t  would be exposed 
when l i g h t  w a s  passed through the  bottom of t h e  beaker.  This  method 
d id  not  prove t o  be successfu l  and was, t he re fo re ,  abandoned. 
The next  a t tempt  cons is ted  of  lowering t h e  p h o t o r e s i s t  coated 
needle  onto a spr ing  loaded metal p l a t e  i n  much t h e  same manner as i f  
s t r e s s  w a s  being app l i ed  t o  a f in i shed  sensor .  
coated wi th  b lack  p a i n t  so as t o  p r o t e c t  t h e  po r t ion  of t he  needle  i n  
con tac t  wi th  t h e  metal  from the  exposure l i g h t .  
t h e  unprotected p h o t o r e s i s t  on t h e  needle  was exposed w i t h  an  u l t r a -  
v i o l e t  l i g h t  source f o r  a period of  approximately 2 minutes.  
The m e t a l  p l a t e  w a s  
Once con tac t  w a s  made, 
The needle  sensors  produced by t h e  l a t t e r  method were very  sens i -  
t i v e  t o  stress and diodes formed by us ing  t h i s  process  possessed very 
good e lec t r ica l  c h a r a c t e r i s t i c s .  Good needle  sensors  have been obtained 
by t h i s  procedure us ing  both n and p-type s i l i c o n  s t a r t i n g  material of 
va r ious  resist ivit ies.  Some of t h e  advantages of  t h i s  technique over 
t h e  b lack  wax method are (1) smaller  j unc t ion  a r e a  d e f i n i t i o n  and 
(2) more c o n t r o l l a b l e  junc t ion  d e f i n i t i o n .  This technique i s  a l s o  much 
easier and f a s t e r  than  any o the r  method t r i e d  t o  da t e .  
Following t h e  exposure operat ion,  t h e  p h o t o r e s i s t  w a s  developed 
l eav ing  a ho le  i n  t h e  pho to res i s t  on t h e  apex of  t h e  needle.  
need le s  were then  placed i n  HF t o  e t ch  a h o l e  i n  t h e  oxide on t h e  un- 
p r o t e c t e d  needle  t i p .  
t o  i n s u r e  t h a t  t h e  p h o t o r e s i s t  does not  pee l  o f f .  This  i s  b e s t  
accomplished by us ing  a p i l o t  wafer on which t h e  e t ch  t ime i s  determined. 
The 
Care must be exerc ised  i n  t h e  e tch ing  opera t ion  
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A p-n junc t ion  can be formed on t h e  apex of  t h e  needle  by simply 
removing t h e  pho to res i s t  and p lac ing  t h e  needle  i n t o  an  appropr i a t e  
d i f f u s i o n  furnace.  S ing le  junc t ions  wi th  exce l l en t  e l e c t r i c a l  char- 
a c t e r i s t i c s  have been formed using t h e  above process .  
Junc t ion  depth and impuri ty  su r face  concent ra t ion  a re  important 
i n  t h e  s t r e s s  response o f  diode sensors .  A shallow junc t ion  
3 (- 1 / 2  micron) wi th  a h igh  su r face  concent ra t ion  (- lo2' atomslcm ) 
has  proved t o  r e s u l t  i n  t h e  b e s t  sensors .  High su r face  concent ra t ion  
not  on ly  inc rease  t h e  s t r e s s  s e n s i t i v i t y  of  t h e  sensors  but  i t  a l s o  
makes it e a s i e r  t o  o b t a i n  good ohmic con tac t  t o  t h e  needle  t i p  wi th  
ord inary  metals such as Au and A l .  
The s t r e s s  s e n s i t i v i t y  of s i n g l e  j u n c t i o n  needle  sensors  depends 
heav i ly  on the r ad ius  of  curva ture  of t h e  needle  po in t  and on t h e  
junc t ion  a rea .  
c o n t r o l l a b l e  above a few microns, i t  i s  p o s s i b l e  t o  choose almost any 
des i r ed  s e n s i t i v i t y .  Typical  sensors  f a b r i c a t e d  i n  t h e  l abora to ry  have 
used a r ad ius  of curva ture  of approximately 1 /2  m i l  which r e s u l t e d  i n  
sensors  r equ i r ing  a fo rce  of approximately 10 grams t o  b i a s  t h e  device.  
The e l e c t r i c a l  c h a r a c t e r i s t i c s  of a t y p i c a l  sensor  i s  shown i n  Fig.  2-8 
f o r  s eve ra l  stress l e v e l s ,  
S ince  t h e  r ad ius  of cu rva tu re  of t h e  needle  p o i n t s  a r e  
The f e a s i b i l i t y  of f a b r i c a t i n g  mul t i j unc t ions  on t h e  apex of  
s i l i c o n  needles has been inves t iga t ed .  
f o r  t h i s  study was a fou r - l aye r  ( t h r e e  junc t ion )  diode. The break-over 
vo l t age  of  four - layer  switches i s  stress dependent (see Appendix A) 
which makes the device p a r t i c u l a r l y  a t t rac t ive  f o r  u se  i n  an  o s c i l l a t o r  
configurat ion.  The method s tud ied  f o r  the f a b r i c a t i o n  of  fou r - l aye r  
switch needles w a s  i d e n t i c a l  t o  t h a t  used i n  f a b r i c a t i n g  s i n g l e  
The p a r t i c u l a r  device  chosen 
I - ' -  
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F i g .  2 - 8 .  Needle Diode Current-Voltage C h a r a c t e r i s t i c s  f o r  Several 
Stress Levels. Vertical  Scale - 0.01 ma/div, Horizontal  - 
0.2 V l d i v  f o r  Forward Bias and 5 V / d i v  f o r  Reverse Bias. 
j u n c t i o n  devices as descr ibed above except t h r e e  consecut ive d i f -  
fus ions  were performed i n s t e a d  of one. 
The problem of f a b r i c a t i n g  four - layer  switches i n  which a l l  t h r e e  
j u n c t i o n s  a r e  d i f f u s e d  junc t ions  i s  d i f f i c u l t  when a l l  t h e  p lanar  pro- 
c e s s i n g  s t eps  are  a v a i l a b l e .  That i s ,  when a new oxide can be grown 
and a new hole  (smaller  a r e a )  c u t  i n  t h e  oxide a f t e r  each d i f f u s i o n  
s t e p  as is  common i n  t h e  p lanar  process.  E p i t a x i a l  s u b s t r a t e s  a r e  
much easier t o  work with i n  making mul t i junc t ion  devices .  A s i d e  from 
t h e  masking problem i n  a l l  d i f fused  j u n c t i o n  four - layer  diodes each 
consecut ive d i f f u s i o n  must be much heavier  than t h e  previous one a t  
t h e  expense of c o n t r o l l e d  junc t ion  depth and t h e  q u a l i t y  of t h e  junc- 
t i o n  formed. 
20 
Since  i t  i s  not  p r a c t i c a l l y  f e a s i b l e  us ing  t h e  needle  s t r u c t u r e  t o  
c u t  more than  one window i n  t h e  oxide on t h e  apex of t h e  needle ,  i t  i s  
t h e r e f o r e  necessary t o  c a r r y  ou t  a l l  d i f f u s i o n  through a s i n g l e  oxide  
window 
Considerable e f f o r t  w a s  put  i n t o  f a b r i c a t i n g  four - layer  diodes on 
s i l i c o n  wafers  u t i l i z i n g  a s i n g l e  window f o r  t h e  d i f fus ion .  The f i n a l  
process  cons is ted  of f i r s t  making a very  shallow (less than  1 / 2  micron) 
d i f f u s i o n  wi th  a low s u r f a c e  concentrat ion.  This  was followed by a 
d r i v e - i n  cyc le  i n  a n e u t r a l  furnace,  a t  13OO0C, f o r  approximately s i x  
hours.  This  r e s u l t e d  i n  a junc t ion  depth of approximately 10 t o  15 
microns. This was followed by two more d i f f u s i o n s  wi th  oppos i te  type 
impur i t i e s .  The problem w a s  
no t  so much cont ro l  over  t h e  d i f fus ions  as i t  was shor ted  junc t ions  a t  
t h e  oxide junc t ion  i n t e r f a c e .  Another problem w a s  l a r g e  v a r i a t i o n s  i n  
t h e  device p rope r t i e s ,  even f o r  devices  made a t  t h e  same t i m e .  An 
a n a l y s i s  of these  r e s u l t s  showed t h a t  t hese  v a r i a t i o n s  r e s u l t e d  i n  l a r g e  
p a r t  from su r face  e f f e c t s .  
The y i e l d  on these  devices  was very  low. 
Attempts t o  t r a n s l a t e  t h e  s i n g l e  window p lana r  process  f o r  four-  
Although a few l a y e r  diodes t o  t h e  s i l i c o n  needle  were unsuccessful .  
needle  four - layer  diodes were formed, they had very  poor e lectr ical  
c h a r a c t e r i s t i c s .  The r e s u l t s  i nd ica t ed ,  however, t h a t  such a process  
i s  poss ib l e  i f  pe r f ec t ed  and c o n t r o l l e d  proper ly .  
nea r  p i l o t  l i n e  ope ra t ion  would be r equ i r ed  t o  perform an  adequate  
eva lua t ion  of  t he  process .  
were a v a i l a b l e  under t h e  p re sen t  s tudy,  f u r t h e r  s t u d i e s  were not  made. 
It i s  f e l t  t h a t  a 
S ince  n e i t h e r  t h e  funds nor  t h e  equipment 
2 1  
2.4 S t r e s s  and Displacement of Needles Under an Applied Force 
The following a n a l y s i s  of s i l i c o n  needles  under loaded condi t ions  
i s  based on needles  wi th  c i r c u l a r  symmetry, i . e . ,  t h e  shank i s  assumed 
t o  be round. F igure  2-9 shows a ske tch  of  t h e  geometry considered. 
S i l i c o n  i s  shown i n  the f i g u r e  a s  the  pressure  p l a t e  (base) onto 
which the needle  t i p  i s  pressed. S t a i n l e s s  s t e e l ,  s i l i c o n  and qua r t z  
have 
4 ,
been used as base mater ia l s .  
I f  t h e  app l i ed  force  i s  F, then the  displacement of  t h e  shank, 
i s  
FPl d, = -2 '  n-a E 
where E i s  Young's modulus and a i s  t h e  r ad ius  of  t he  shank. The d i s -  
placement of t h e  conica l  sec t ion ,  A@, i s  
FQ2 
d2 =GEE , 
where R i s  t h e  r ad ius  of  curvature  o f  t h e  needle  poin t .  
To c a l c u l a t e  t h e  displacement of t h e  poin t ,  it i s  assumed t h a t  
t h e  base dimensions a r e  much g r e a t e r  than t h e  r ad ius  of t h e  poin t .  The 
1 displacement of  t h e  po in t  and the  base combined, &y, is  approximately 
The t o t a l  displacement of t h e  needle  under an app l i ed  fo rce  F i s  
then  
dl FQ2 
d , ~ + s + 1 . 5  
n-a E 
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Silicon 
R 
T T- 
I 
Fig. 2-9. Needle Configuration Used for Calculating Displacement. 
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A s  an example, consider  a needle wi th  the  following t y p i c a l  dimensions: 
R = 1 m i l  
P, = 118 in .  
Q, = 1 / 4  in .  
2 E = 1.7 x 1OI2 dynes/cm . 
I n  t h i s  case: 
ay 8 x F2l3cm, (F i n  grams) 
cy 0.17 x F dl - 
-6  A, 2: 0.9 x 10 F 
A s  can be seen, t h e  t o t a l  displacement per  gram load i s  approximately 
one t en th  of a micron which i s  very small. I n  f a c t ,  f o r  most a p p l i -  
ca t ions ,  t h e  displacement of  the needle  can be neglec ted  i n  comparison 
t o  t h e  displacement of t h e  housing o r  mechanical conf igura t ion .  
The r e l a t i o n s h i p  between s t r e s s  i n  t h e  needle  t i p  and app l i ed  f o r c e  
i s  very complicated. 
workers.  2-5 
This problem has been considered by a number of 
I n  o r d e r  t o  ca l cu la t e  the  e f f e c t s  of s t r e s s  on junc t ion  
p r o p e r t i e s ,  it i s  necessary t o  know t h e  s t r e s s  as a func t ion  of pos i t i on  
i n  t h e  needle  t i p .  This i s  a formidable problem, t h e  s o l u t i o n  of which 
i s  not  a t  present  worth the  e f f o r t  requi red  t o  o b t a i n  i t .  There has  
been some success  wi th  the  evaluat ion of an indenter  po in t  i n  contac t  
2 w i t h  a p lanar  j unc t ion  s t ruc tu re .  
Since t h e  func t ion  y (a), which i s  of p a r t i c u l a r  i n t e r e s t  here ,  
V 
i s  an  exponent ia l  func t ion  of s t r e s s ,  t h e  maximum s t r e s s  i s  important.  
The pressure  on the  su r face  under t h e  contac t  i s  5 
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where a i s  t h e  r ad ius  of the  contac t  c i r c l e  and r i s  t h e  d i s t ance  from 
t h e  cen te r  t o  the poin t  of i n t e r e s t .  The r ad ius  of con tac t ,  a, i s  
5 
a =  
o r  
113 a = K(RF)  , 
where v i s  Poisson 's  r a t i o .  The maximum stress i s  then 
3F 
27i-a 
- -  
2 '  a maX 
o r  
113 a = K2 F 
m a X  
A t  high s t r e s s  l e v e l s  such t h a t  y (a) = C1 exp(C2a) 
V 
(2.10) 
For very shallow junc t ion  depths such t h a t  t h e  s t r e s s  i s  not  very d i f -  
f e r e n t  from t h a t  a t  t h e  sur face ,  one would expect t h e  above formulas 
t o  be reasonably accura te .  
The average stress on t h e  needle  t i p  i s  
F 
Ta 
- -  
2 .  a ave (2.11) 
Note t h a t  t h e  average i s  a f a c t o r  of  213 smaller than  t h e  maximum. 
The e f f e c t i v e  value needed i n  making computations i s  somewhere between 
the  average and t h e  maximum. 
25 
2 . 5  E l e c t r i c a l  Response of S i l i c o n  Needle Diodes Under S t r e s s  
The s i n g l e  junc t ion  s i l i c o n  needle  has  been t h e  most used sensor  
i n  t h i s  s tudy.  The following d iscuss ion  cons iders ,  t h e o r e t i c a l l y ,  t he  
e l e c t r i c a l  response of such devices under stress. The forward and re- 
ve r se  b iased  cur ren t -vol tage  c h a r a c t e r i s t i c s  of  diodes under s t r e s s  a r e  
considered i n  I and i n  Appendix C. 
recombination c u r r e n t s  a r e  considered. The t o t a l  cu r ren t  as a func t ion  
of  vo l t age  and s t r e s s  ( s t r e s s  i s  represented  by y (a)) f o r  a uniformly 
s t r e s s e d  junc t ion  i s  
Both t h e  " ideal"  and generat ion-  
v 
forward b ias :  
r eve r s  e b i a s  : 
(2.12) 
(2.13) 
General ly  speaking, t h e  most promising mode o f  opera t ion  f o r  a 
diode needle  sensor  i s  t h e  cons tan t  vo l t age  mode i n  which t h e  diode 
cu r ren t  i s  used as t h e  s t r e s s  i nd ica to r .  The cu r ren t  i s  exponent ia l ly  
r e l a t e d  t o  s t r e s s  through y (a) wh i l e  t h e  vo l t age  i s  l i n e a r l y  r e l a t e d  
t o  stress. The cu r ren t  is ,  therefore ,  more s e n s i t i v e  than vol tage .  
For t h e  present  purposes, i t  i s  assumed t h a t  vo l t age  i s  he ld  cons t an t .  
v 
A l s o ,  s ince  the sensors  used were with a dc b i a s  force ,  the approxi- 
mation 
i s  a good assumption. The cu r ren t  can be w r i t t e n  as fol lows 
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c26 C2a/2  
I = K  e + K 2 e  T 1  Y (2.14) 
where K1 and K2 a r e  cons t an t s  t h a t  depend on t h e  magnitude and p o l a r i t y  
o f  t he  vol tage,  uns t ressed  cu r ren t ,  c r y s t a l  o r i e n t a t i o n  and temperature .  
Normally, K w i l l  be much l a r g e r  than K i n  t h e  forward b iased  condi t ion  
whi le  K will be much l a r g e r  than K1 i n  t he  r eve r se  biased s t a t e .  S ince  
both terms i n  E q .  (2.14) have t h e  same func t iona l  r e l a t i o n s h i p  on 6 ,  
1 2 
2 
only  one term w i l l  be considered f u r t h e r ,  i . e . ,  
I = K 3 e  clo (2.15) 
A s  can be seen from E q s .  ( 2 . 9 )  and (2.11), CI i s  expected t o  be 
propor t iona l  t o  I f  t he  t o t a l  j unc t ion  area i s  s t r e s s e d ,  then 
t h e  diode cur ren t  i s  func t iona l ly  r e l a t e d  t o  fo rce  as follows: 
I = K 3 e  CF1l3 (2.16) 
I n  most p r a c t i c a l  sensors ,  it i s  more l i k e l y  t h a t  on ly  a p a r t  of 
t h e  junc t ion  i s  s t r e s s e d .  I n  t h i s  case,  i f  A i s  t h e  t o t a l  j unc t ion  area 
and AS i s  the  s t r e s s e d  area, t h e  c u r r e n t  i s  
A - AS AS CF1I3 
K4 + Fc Kg e A I =  
The s t r e s s e d  a rea  i s  r e l a t e d  t o  t h e  r ad ius  o f  con tac t  by 
2 A = ~ a  . 
S 
(2.17) 
(2.18) 
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113 The con tac t  r ad ius  i s  propor t iona l  t o  F as shown i n  Eq. (2 .7) .  
Therefore ,  A a F2I3. 
t h e  app l i ed  fo rce  as follows: 
The current: i s  then  r e l a t e d  func t iona l ly  t o  S 
I = K - K6F 213 + 5F2/3 eCF1’3 
4 
I f  A > > A S ,  E q .  (2.19) reduces t o  
213 CF1I3 e I = K1 t K7F 
(2.19) 
(2.20) 
I n  u t i l i z i n g  t h e  needle  sensor  i n  practical  t ransducers ,  i t  w i l l  
be  necessary t o  c a l i b r a t e  t h e  cur ren t -vol tage  c h a r a c t e r i s t i c s  as a 
func t ion  of app l i ed  fo rce .  Although t h e  func t iona l  r e l a t i o n s h i p s  a i d  
i n  t h e  design o f  devices  and an understanding of t h e i r  behavior,  t h e  
approximations made i n  t h e  theory are not  good enough and the  models 
on which they a r e  based a r e  not  accu ra t e  enough f o r  device use.  This 
does not  mean, however, t h a t  the needle  sensor  i s  no good. Like  almost 
a l l  of  t h e  convent ional  t ransducer  sensors  t h a t  are  commercially 
a v a i l a b l e ,  they must be c a l i b r a t e d  i n d i v i d u a l l y .  
Sect ion I11 
ACCELEROMETER DEVELOPMENT 
3.1  In t roduc t ion  and Discussion 
One of  t h e  major goa l s  of  t h i s  s tudy  has  been t o  design, f a b r i c a t e ,  
and demonstrate a l abora to ry  accelerometer based on t h e  p iezojunct ion  
e f f e c t .  Emphasis has  been placed on t h e  s i l i c o n  needle  sensor  as t h e  
t ransducing element i n  t h e  accelerometers .  
f i g u r a t i o n s  haire h e m  s t i i d i p d ,  they have a l l  been of t h e  diaphragm o r  
beam type.  The conf igura t ion  found t o  be t h e  b e s t  i s  t h e  double- 
diaphragm type.  
Although a v a r i e t y  of  con- 
The genera l  case  of an accelerometer  based on t h e  s i l i c o n  needle  
A dc fo rce  b i a s ing  spr ing  sensor  i s  shown schemat ica l ly  i n  F ig .  3-1. 
dc Biasing 
Spring 
Needle 
Sensor 
F ig .  3-1. Schematic o f  a General Accelerometer U t i l i z i n g  t h e  Needle 
Sensor.  
. 
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i s  shown i n  the  f i g u r e .  
spr ing  t o  t h e  give of  t h e  mechanical housing holding the  mass i n  place 
under t h e  b i a s  fo rce  appl ied  t o  t h e  needle .  
This sp r ing  can be anything from an a c t u a l  
A s  discussed i n  Sec t ion  2.4, t h e  displacement of  t h e  needle  under 
an app l i ed  force F i s  
This displacement of t h e  needle  i s  important i n  t h e  dynamic ope ra t ion  of  
an  accelerometer which u t i l i z e s  t h e  needle  sensor .  Although i s  no t  
l i n e a r l y  r e l a t e d  t o  F, i t  i s  approximately l i n e a r  f o r  small changes i n  
F. It w i l l  be assumed f o r  t h e  p re sen t  purposes t h a t  
where Ke i s  t h e  equiva len t  sp r ing  cons tan t  of  t h e  needle  which can be 
ca l cu la t ed  from Eq. ( 2 . 4 ) .  
The dynamic conf igura t ion  f o r  t h e  accelerometer  of  Fig.  3-1 i s  
shown i n  Fig.  3 - 2 .  
cons tan t  of the  b i a s ing  sp r ing  and t h e  mechanical housing and M S i s  
the  e f f e c t i v e  mass of t h e  sp r ing .  
A s  shown i n  t h e  f igu re ,  Ks i s  t h e  e f f e c t i v e  sp r ing  
The resonant  f requencies  of t h e  
system a r e  
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Fig. 3 - 2 .  Mechanical Equivalent of an Accelerometer. 
If M << M, the fundamental frequency of Eq. (3 .2)  reduces to 
S 
(3 .3 )  
The assumption that M 
Also, K will normally be much less than K . 
<< M is good for low and medium g accelerometers. 
S 
S e 
Using the example of Section 2.4 for the needle sensor and a two 
gram seismic mass the lowest possible resonant frequency (K = 0) is 
approximately 3.7 x 10 cps. An accelerometer utilizing this needle 
S 
3 
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and t h e  two gram weight would, t he re fo re ,  have a minimum resonant  
frequency of 3.7 kc .  
I n  the  s t a t i c  casewhere  t h e r e  i s  no mechanical advantage o r  
disadvantage obta ined  from the  device,  t h e  fo rce  on t h e  needle  i s  
simply, 
F = Mg + Fo (3 * 4 )  
where g i s  the a c c e l e r a t i o n  l e v e l  and F i s  t h e  dc b i a s  force .  
0 
3.2 Single-Diaphragm Accelerometers 
The single-diaphragm accelerometer  c o n s i s t s  of a c y l i n d r i c a l  
seismic mass supported by a c i r c u l a r  diaphragm wi th  a needle  sensor  
i n  contac t  with t h e  diaphragm on t h e  s i d e  d i r e c t l y  oppos i t e  t h e  mass. 
The diaphragm i s  clamped o r  f ixed  a t  t h e  edges. F igure  3-3 i s  a 
sketch of  the accelerometer .  
The de f l ec t ion  of  t h e  c e n t e r  of t h e  diaphragm i s  
2 a 2 2 2  [a - b - (- 
a2-b2 
3(Mg - ) ( log  T) 1 , (3.5) F) (m - 1) 2 2 4a b 2 3  A Y =  4m E t  
where ny = displacement of  t h e  mass 
M = seismic mass 
m = r ec ip roca l  of  Poisson 's  r a t i o  
E = Young's modulus o f  diaphragm 
t = diaphragm th ickness  
g = a c c e l e r a t i o n  i n  g ' s .  
Equation (3.5) can be used t o  c a l c u l a t e  t h e  s p r i n g  cons tan t  of  t h e  
diaphragm. 
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Seismic Mass 
Diaphragm 
Needle Sensor 
F i g .  3-3 .  Sketch o f  Single-Diaphragm Accelerometer. 
The dc b i a s  f o r c e  can be appl ied i n  t h e  diaphragm accelerometer  
by simply cons t ruc t ing  t h e  device so t h a t  t h e  needle  i s  exe r t ing  t h e  
d e s i r e d  f o r c e  a g a i n s t  t h e  diaphragm. The diaphragm acts i n  t h i s  case 
as t h e  b i a s ing  spr ing .  
accelerometer  i n  which t h e  diaphragm i s  used as the  b ias ing  spr ing .  
The device  c o n s i s t s  o f  a b r a s s  base i n  t h e  c e n t e r  of which a s i l i c o n  
need le  sensor  is  soldered,  a g l a s s  housing, a b ras s  diaphragm (2 m i l s  
t h i c k ) ,  and t h e  seismic mass. The device i s  f ab r i ca t ed  by f i r s t  
Figure 3-4 i s  a photograph of  a single-diaphragm 
34 
Fig .  3 - 4 .  Photograph of  a Single-Diaphragm Accelerometer.  
so lde r ing  the  mass t o  t h e  diaphragm. The diaphragm i s  then  epoxied t o  
t h e  g l a s s  housing. The next  s t e p  i s  t o  a t t a c h  t h e  needle  sensor  t o  t h e  
base.  This i s  done by d r i l l i n g  a h o l e  t h e  s i z e  o f  t h e  need le  and 
so lde r ing  t h e  needle shank i n t o  t h e  base.  The f i n a l  s t e p  c o n s i s t s  o f  
epoxying t h e  base t o  t h e  housing. During t h e  cu r ing  c y c l e  f o r  t h e  
f i n a l  s t e p ,  a constant  f o r c e  i s  maintained between t h e  g l a s s  housing 
and t h e  base t o  c r e a t e  t h e  d e s i r e d  dc b i a s  f o r c e .  E l e c t r i c a l  c o n t a c t  
i s  made between the diaphragm and t h e  base.  
The needle  diode senso r s  used i n  acce le romete r s  of  t h i s  t ype  were 
pressed i n t o  t h e  b ra s s  diaphragm. Subsequent tes ts  o f  t h e s e  accelerom- 
e t e r s  showed l a r g e  h y s t e r e s i s  and d r i f t  e f f e c t s  which were e v e n t u a l l y  
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t r aced  t o  t h e  p l a s t i c  deformation of t h e  b ra s s  under t h e  needle  po in t .  
Each time t h e  devices  were acce le ra t ed  to  a new high a c c e l e r a t i o n  l e v e l  
t h e  devices  exhib i ted  a new se t  of e lectr ical  c h a r a c t e r i s t i c s  as a 
func t ion  of  acce le ra t ion .  Since t h e r e  were no means provided f o r  t h e  
adjustment of t he  dc b i a s  force ,  t h e  devices  u s u a l l y  ended up by l o s i n g  
e l e c t r i c a l  contac t  t o  t h e  needle  sensor .  
I n  a d d i t i o n  t o  t h e  above mentioned problems, t h e  single-diaphragm 
accelerometers  were found t o  be s e n s i t i v e  t o  cross-axes a c c e l e r a t i o n .  
This  w a s  no t  an unexpected r e s u l t  s i n c e  a cross-axes a c c e l e r a t i o n  
a p p l i e s  a l a r g e  moment on t h e  diaphragm due t o  t h e  m a s s  and he igh t  of 
t h e  seismic mass. 
Some improvements were incorporated i n t o  t h e  single-diaphragm 
accelerometers .  One o f  t h e  improvements w a s  t o  use  s t a i n l e s s  s t e e l  
as t h e  diaphragm mate r i a l .  Another improvement w a s  t h e  use  o f  an  
a d j u s t a b l e  b i a s  fo rce .  The l a t t e r  was accomplished by mounting t h e  
need le  on t h e  end of  a screw which w a s  then threaded i n t o  t h e  base.  
S ince  t h e  needle  r o t a t e s  with respec t  t o  t h e  diaphragm during t h e  
assembly opera t ion ,  it w a s  necessary t o  p u l l  up on the  diaphragm 
u n t i l  t h e  needle  w a s  i n s e r t e d  t o  t h e  des i r ed  he igh t  and then  release 
t h e  diaphragm t o  allow i t  t o  make con tac t  wi th  t h e  needle .  This  pre- 
vented  breakage of t h e  needle .  
Although t h e  single-diaphragm accelerometer  i s  r e l a t i v e l y  easy 
t o  cons t ruc t ,  i t s  cross-axes s e n s i t i v i t y ,  e s p e c i a l l y  f o r  a p p l i c a t i o n s  
i n  t h e  low g range, make i t  u n a t t r a c t i v e  compared t o  o t h e r  devices  
such as t h e  double- diaphragm type. 
Mass 
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3 . 3  Double-Diaphragm Accelerometers 
The double-diaphragm accelerometer was designed to eliminate th 
_ _  -.. 
cross-axes sensitivity problems associated with the single-diaphragm 
type. A schematic drawing of the double-diaphragm type is shown in 
Fig. 3-5. The second diaphragm prevents the mass from rotating under 
cross-axes acceleration. 
I% 
Fig. 3-5. Schematic of Double-Diaphragm Accelerometer. 
igms 
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In cases where the two diaphragms are different, Eq. (3.5) must be applied 
for each diaphragm with (Mg - F) replaced by (Mg - F - Q) for one and Q 
for the other. The two equations are then solved simultaneously. 
A variety of double-diaphragm accelerometers have been fabricated 
and tested. 
and other types, it was decided in the beginning that an adjustable dc 
bias force was necessary. Since there is always some relaxation of the 
mechanical housing and some plastic deformation of the needle and its 
base, the adjustable bias was incorporated into the design. Figure 3-6 
shows a schematic representation of the accelerometer showing the 
Based on the results obtained on the single-diaphragm type 
Silicon Needle Sensing Element 
Needle (base) Pressure Plate 
\ Double-Diaphragm 
Suspension 
J 
-Spring and Screw Bias Arrangement 
Fig. 3-6. Schematic Representation of a Double-Diaphragm Accelerometer 
Showing the dc Bias Adjustment Arrangement. 
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d c  b i a s  adjustment arrangement. For t h i s  type o f  arrangement, t h e  
equiva len t  spr ing cons tan t  o f  t h e  diaphragms and t h e  s p r i n g  i s  ob- 
t a i n e d  by simply adding t h e  s p r i n g  cons tan t  o f  t h e  b i a s  sp r ing ,  
t o  t h e  sp r ing  cons tan t  o f  t h e  diaphragms, i . e . ,  
%’ 
K = K  + K b .  e d 
It should be noted t h a t  t h e  needle  i s  mounted on t h e  oppos i te  s i d e  o f  
t h e  diaphragms and mass from t h e  b i a s  sp r ing .  I f  i t  were mounted 
behind t h e  needle and t h e  needle  allowed t o  move, t h e  resonant  f r e -  
quency would be lowered cons iderably  and t h e  system would be extremely 
u n s t a b l e .  
A c r o s s - s e c t i o n  view o f  a t y p i c a l  double-diaphragm accelerometer  
i s  shown i n  F ig .  3-7.  The housings f o r  t h e s e  devices  have been b ras s ,  
wi th  10-32 screw threads  on t h e  bottom f o r  mounting purposes.  The 
housing i s  e l e c t r i c a l l y  ground and t h e  o t h e r  e l e c t r i c a l  l ead  i s  
a t t a c h e d  t o  the  needle  shank. The shank o f  t h e  needle  sensor  i s  
e l e c t r i c a l l y  isolated from t h e  accelerometer  housing. 
The diaphragms a r e  so ldered  t o  t h e  c e n t e r  housing r i n g  and t h e  
housing i s  put toge ther  wi th  screws. The needle  h o l d e r  is  epoxied t o  
t h e  top housing p iece .  The needle  i s  mounted i n  a b r a s s  rod (holder) 
by so lder ing  and t h e  rod i s  then epoxied i n  t h e  housing. 
i n s u l a t i o n  i s  provided by t h e  epoxy. 
t h e  mass i s  a t tached  t o  t h e  diaphragms by screws. 
accomplished by epoxy o r  s o l d e r .  
E lec t r ica l  
I n  t h e  device  shown i n  F ig .  3-7, 
This  can a l s o  be 
Laboratory accelerometers  were t e s t e d  both s t a t i c a l l y  and 
dynamically in  t h e  Standards Laboratory a t  Langley Research Center ,  
3 9  
Fig .  3 - 7 .  Cross-Section o f  a Typical Double-Diaphragm Accelerometer. 
Hampton, V i rg in i a .  I n  t h e s e  tests,  a p o s i t i v e  a c c e l e r a t i o n  w a s  such 
t h a t  t h e  se i smic  mass pressed aga ins t  t h e  needle  sensor  and a’nega-  
t i ve  a c c e l e r a t i o n  r e l i e v e d  s t r e s s  on t h e  needle .  
Three series of  accelerometers of  t h e  double-diaphragm type  have 
been f a b r i c a t e d  and t e s t e d .  A l l  t h r e e  s e r i e s  were of  t h e  same genera l  
conf igu ra t ion  as t h a t  shown i n  Fig. 3 - 7 .  The f i r s t  s e r i e s  u t i l i z e d  a 
go ld  p l a t e d  s t a i n l e s s  s t e e l  p ressure  p l a t e  (base) f o r  t h e  s i l i c o n  
need le .  
material on t h e  t i p  of  t h e  needle, i . e . ,  electrical  con tac t  w a s  made 
by t h e  s i l i c o n  needle  t i p  i n  contac t  wi th  t h e  gold p l a t ed  s t e e l .  
The needle  senso r s  i n  t h i s  s e t  d id  not  have any metal con tac t  
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Figure  3-8 is a photograph o f  one of t h e  accelerometers  o f  t h e  
f i r s t  series.  
accelerometer  was designed t o  accommodate a Microdot connector f o r  
e l e c t r i c a l  contac t .  These devices  were t e s t e d  by us ing  t h e  c u r r e n t  a t  
a cons tan t  vo l tage  as a measure of  t h e  a c c e l e r a t i o n .  
a p l o t  o f  AI  as a func t ion  o f  a c c e l e r a t i o n  wi th  a r eve r se  b i a s  vo l t age  
o f  -15 v o l t s .  The curve i s  a copy of  t h e  da t a  as recorded on a n  x-y 
p l o t t e r .  A s  can be seen i n  F ig .  3-9, t h e r e  i s  a h y s t e r e s i s  i n  t h e  
c h a r a c t e r i s t i c s .  The cu r ren t  d id  no t  r e t u r n  t o  i t s  o r i g i n a l  va lue  
following an  a c c e l e r a t i o n  t o  a new high  level.  When t e s t e d  a t  accel- 
e r a t i o n  l e v e l s  below some previous l e v e l ,  t h e  loop was found t o  c l o s e  
a t  zero  g.  Another example of t he  h y s t e r e s i s  e f f e c t  i n  another  device 
i s  shown i n  F ig .  3-10. The top  curve is t h e  f i r s t  run and t h e  bottom 
curve i s  t h e  second run. 
Tests of  cross-axes s e n s i t i v i t y  showed t h a t  t h e  devices  had a 
These devices  had a 2 gram mass, The top of t h e  
F igure  3-9 i s  
cross -axes  s e n s i t i v i t y  of  l e s s  than 1% o f  t h a t  i n  t h e i r  s e n s i t i v e  axis.  
F igure  3-11 i s  a p l o t  of s e n s i t i v i t y  a t  a cons tan t  g l e v e l  as a funct ion 
of  frequency. As  shown, t h e  resonant  frequency w a s  approximately 3 KC. 
This  i s  s l i g h t l y  lower than c a l c u l a t e d  earlier.  This  was expected 
s i n c e  t h e  pressure  p l a t e  w a s  s t a i n l e s s  s teel  and no t  s i l i c o n  as had 
been assumed i n  the c a l c u l a t i o n s .  
Aside from the  h y s t e r e s i s  e f f e c t s  i n  t h e  f i r s t  set of  devices ,  t h e  
s e n s i t i v i t y  w a s  much lower than  expected. 
t e s t  r e s u l t s  showed t h a t  t h e  low s e n s i t i v i t y  and much o f  t h e  h y s t e r e s i s  
e f f e c t s  r e s u l t e d  from p l a s t i c  deformation o f  t h e  s t a i n l e s s  steel 
p res su re  p l a t e .  
A c a r e f u l  a n a l y s i s  o f  t h e  
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Fig. 3-8. Photograph of a Double-Diaphragm Accelerometer with a 
2 gram mass. 
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Fig. 3-9. Change in Current (V = -15 volts) as a Function of 
Acceleration for the Accelerometer Shown in Fig. 3-8. 
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F i g .  3-10. Change i n  Current as a Function of Acce lera t ion  f o r  an 
Accelerometer o f  the F i r s t  S e r i e s .  
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The second set  of  devices  t h a t  w e r e  f a b r i c a t e d  and t e s t e d  were 
i d e n t i c a l  wi th  the  f i r s t  se t  except t h e  p re s su re  p l a t e  w a s  made o f  
gold p l a t ed  s i l i c o n .  This  made t h e  mechanical p r o p e r t i e s  o f  t h e  
p re s su re  p l a t e  and t h e  sensor  i d e n t i c a l .  Again, t h e s e  devices  d id  
not  u t i l i z e  any m e t a l  on t h e  t i p  o f  t h e  s i l i c o n  needle .  
s eve ra l  o f  t h e s e  devices  were f ab r i ca t ed ,  a l l  bu t  one w a s  broken 
whi le  being t r anspor t ed  t o  LRC for  t e s t i n g .  
w a s  t e s t e d  wi th  t h e  a i d  of t he  c i r c u i t  shown i n  Fig.  3-12. The o f f -  
se t  o r  b i a s  vo l t age  V 
recorder  t o  g ive  a zero  vo l t age  under zero  g a c c e l e r a t i o n .  
b a t t e r y  vol tage .  AV is  the  change i n  vo l t age  ac ross  t h e  10 K r e s i s t o r  
due t o  a c c e l e r a t i o n .  
Although 
The one remaining device 
i s  t h e  vol tage  requi red  i n  series wi th  t h e  
0 
V i s  t h e  
F igure  3-13 is  t h e  a c t u a l  recorder  p l o t  o f  AV as a func t ion  of 
a c c e l e r a t i o n  f o r  s e v e r a l  r e v e r s e  biased condi t ions .  A s  shown, t h e  
a c c e l e r a t i o n  w a s  from -5 t o  +5 g ' s .  The v e r t i c a l  s c a l e  f o r  AV i s  
1 v o l t  p e r  major d i v i s i o n  (1 inch) .  A s  shown i n  F ig .  3-13, both t h e  
s e n s i t i v i t y  and t h e  h y s t e r e s i s  e f f e c t  i nc reases  wi th  r eve r se  b i a s  
v o l t a g e .  
The forward b iased  mode i s  shown i n  Fig.  3-14. Again, t h e  
s e n s i t i v i t y  inc reases  wi th  b i a s  vol tage.  Note i n  F ig .  3-14 t h a t  two 
curves  are shown f o r  V = 0.4 v o l t s .  The lower 0 .4  v o l t  curve w a s  
s l i g h t l y  o f f s e t  wi th  t h e  recorder  ze ro  and r ep resen t s  four  consecut ive 
r u n s  t o  show t h e  r e p e a t a b i l i t y .  As can be seen by comparing Fig .  3-13 
w i t h  3-14, t h e  h y s t e r e s i s  e f f e c t  i s  v i r t u a l l y  non-exis ten t  i n  t h e  
forward b iased  case. 
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Fig. 3-12. Circuit Used toTest Accelerometers. 
-5 -4 -3 -2 -1 0 1 2 3 4 5 
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Fig. 3-13. Recorder Plot of AV as a Function of Acceleration for the 
Reverse Biased Mode. The Vertical Scale is 1 volt/major division. 
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Fig. 3-14. Recorder P l o t  of AV as a Function of Acce lera t ion .  The De-  
The Vertical vice was Operated i n  t h e  Forward Biased Mode. 
Sca le  is 30 mv/major d i v i s i o n .  
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Figure  3-15 i s  a recorder  p l o t  o f  s e n s i t i v i t y  f o r  a r eve r se  b i a s  
of  -15 v o l t s  f o r  a c c e l e r a t i o n  along t h e  s e n s i t i v e  axes  and along t h e  
t r ansve r se  axes. 
The t h i r d  set  of  devices  u t i l i z e d  t h e  gold  p l a t e d  s i l i c o n  p res su re  
p l a t e .  I n  addi t ion ,  t h e  needle  t i p  w a s  coated wi th  an  uncured in -  
s u l a t i n g  epoxy p r i o r  t o  i n s t a l l a t i o n  of t h e  needle  i n t o  t h e  housing. 
The needle  po in t  punched through the epoxy when t h e  b i a s  fo rce  w a s  
app l i ed .  The idea  he re  w a s  t o  add mechanical support  t o  t h e  needle  
e s p e c i a l l y  f o r  t r a n s v e r s e  motions. Also, t h e  epoxy should provide 
some h e a t  s ink  e f f e c t s .  A s  one might expect,  t h e  devices  were plagued 
wi th  poor e l e c t r i c a l  con tac t s .  
even though gold w a s  p l a t e d  on the  needle  t i p s  p r i o r  t o  t h e  epoxy. 
These poor con tac t s  were experienced 
Figure  3-16 i s  a photograph of one of  t h e  accelerometers  o f  t h e  
This  p a r t i c u l a r  device w a s  designed t o  respond t o  low g above type.  
a c c e l e r a t i o n s  by making t h e  rad ius  of  curva ture  of  t h e  needle  t i p  
smal le r  than t h e  previous devices .  F igure  3-17 i s  a photograph of 
t h e  forward and reverse cur ren t -vol tage  c h a r a c t e r i s t i c s  of t h e  
accelerometer  under 0 and + 1 g acce le ra t ions  -- A = -1 g, B = 0 g, 
C = + 1 g .  The v e r t i c a l  scale i s  0.1 ma/divis ion f o r  both t h e  forward 
and reverse modes. The hor izonta l  s i d e  i s  0.5 v o l t s / d i v i s i o n  f o r  t h e  
forward and -5  v o l t s / d i v i s i o n  for  t h e  reverse mode. The n o n - l i n e a r i t y  
o f  t h e  p iezojunct ion  e f f e c t  can e a s i l y  be seen i n  F ig .  3-17 where, f o r  
a cons tan t  vo l tage ,  t h e  cu r ren t  change between 0 and -1 g i s  seen t o  be 
sma l l e r  than t h e  change between 0 and + 1 g. 
- 
50 
I 
--I- 
C; 1
- 
1 
- 
I I I t .  I 
I 
t 
( S 1 1 0 h )  AV 
0 
51 
7ig. 3-16. Photograph of a Double-Diaphragm Accelerometer. No 
Microdot Connector is Provided. 
Fig. 3-17. Current-Voltage Characteristics of the + 1 g Accelerometer 
Shown in Fig. 3-16. 
The Vertical Scale is 0.1 ma/div. f o r  Both Forward and 
Reverse Modes. The Horizontal Scale is 0.5 V/div. for 
Forward and -5 V/div. for Reverse Mode. 
A = -1 g, B = 0 g and C = + 1 g. 
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Figure  3-18 shows a recorder  p l o t  o f  AV as a func t ion  of  a c c e l e r a t i o n  
f o r  s eve ra l  r eve r se  b iased  cond i t ions .  The c i r c u i t  shown i n  F ig .  3-12 
was aga in  used t o  t es t  t h i s  device.  Note t h a t  t h e  h y s t e r e s i s  e f f e c t s  
were a l s o  present  wi th  these  devices  and as before  was found t o  inc rease  
with an inc rease  i n  b i a s  vo l t age ,  
F igure  3-19 shows a p l o t  o f  frequency as a func t ion  of  a c c e l e r a t i o n  
f o r  t h e  above accelerometer .  The o s c i l l a t o r  c i r c u i t  used he re  i s  d i s -  
cussed i n  Sect ion 5.4. An 18 v o l t  supply w a s  used and a 0.001 pf 
capac i to r .  A s  shown i n  F ig .  3-19, t h e  s e n s i t i v i t y  i s  approximately 
1 . 4  KC/g. 
3.4 Beam Accelerometers 
Another poss ib l e  mechanical conf igu ra t ion  f o r  accelerometers  which 
u t i l i z e  a needle  sensor  o r  indentor  p o i n t  j u n c t i o n  combination i s  a 
c a n t i l e v e r  beam arrangement. A d e t a i l e d  d i scuss ion  of such an arrange-  
ment f o r  use  as a fo rce  and displacement t ransducer  i s  given i n  Sec t ion  
4.3.  The mechanical force  i n  t h e  arrangement d iscussed  i n  Sec t ion  4.3 
i s  simply replaced by  a mass under a c c e l e r a t i o n  f o r  accelerometer  
a c t i o n ,  The mass can be t h e  mass of  the  beam, a mass a t t ached  t o  t h e  
beam, o r  both.  
Laboratory accelerometers  o f  t h e  c a n t i l e v e r  beam type  have been 
inves t iga t ed .  
e a s i l y  broken. The resonant  frequency of  t h e  c a n t i l e v e r  beam a c c e l e r -  
ometers i s  low ( t y p i c a l l y  less than  1 KC). The major advantages are 
i t s  s i m p l i c i t y  and range. The beam can be used e i t h e r  t o  g ive  a 
mechanical advantage o r  disadvantage and hence a l a r g e  range of  devices  
These devices  were found t o  be extremely f r a g i l e  and 
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Fig. 3-18. A Recorder Plot of AV as a Function of Acceleration for 
Several Reverse Biased Conditions. 
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Fig. 3-19. Frequency vs Acceleration for the Accelerometer Shown in 
Fig. 3-16. The Unijunction Oscillator was Used. 
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i s  poss ib l e .  Low g beam devices  a r e  t y p i c a l l y  s e n s i t i v e  t o  c ros s -ax i s  
a c c e l e r a t i o n s ,  however, t h i s  can be kep t  t o  a minimum by using wide 
beams. 
3.5 Discussion and Summary 
Accelerometers of  t h e  single-diaphragm, double-diaphragm and 
beam types have been designed, f ab r i ca t ed  and t e s t e d .  Of t h e  types 
s tud ied ,  t h e  double-diaphragm type i s  d e f i n i t e l y  t h e  b e s t  s u i t e d  
conf igura t ion  f o r  use wi th  s i l i c o n  needle  sensors .  The double-diaphragm 
accelerometer  i s ,  however, t he  most d i f f i c u l t  t o  cons t ruc t .  A s  demon- 
s t r a t e d  by t h e  da t a  presented  here in ,  accelerometers  can be f ab r i ca t ed  
i n  t h e  range + 1 g t o  + 100 g. This does not  imply t h a t  t hese  a r e  the  
l i m i t i n g  ranges.  I n  f a c t ,  i t  should be poss ib l e  t o  extend both ends 
by an  o rde r  of  magnitude by choosing t h e  proper r ad ius  of cu rva tu re  
f o r  t h e  sensor  and t h e  proper mass. Resonant frequency can a l s o  be 
extended by making t h e  b i a s  spr ing s t i f f e r  and reducing t h e  mass both 
o f  which a r e  w i t h i n  pract ical  r e a l i z a t i o n .  
- - 
The major problem wi th  t h e  devices t h a t  were t e s t e d  was t h e  
h y s t e r e s i s  e f f e c t s  i n  t h e  output  s i g n a l  as a func t ion  of a c c e l e r a t i o n .  
The use of s t e e l  p re s su re  p l a t e s  (bases f o r  t h e  needle) was found t o  
cause  l a r g e  h y s t e r e s i s  e f f e c t s  and non- rep roduc ib i l i t y  i n  t h e  
c h a r a c t e r i s t i c s .  This  w a s  no t  unexpected s i n c e  t h e  y i e l d  s t r e n g t h  
o f  s t e e l  i s  less than t h e  stress l e v e l s  needed t o  produce t h e  piezo-  
j u n c t i o n  e f f e c t .  
The use  of s i l i c o n  as t h e  pressure  p l a t e  material w a s  found t o  
reduce  t h e  h y s t e r e s i s  e f f e c t  and r e s u l t e d  i n  reproducib le  c h a r a c t e r i s t i c s .  
An a n a l y s i s  of  t h e  da t a  on t h e  accelerometers  u t i l i z i n g  t h e  s i l i c o n  
56 
pres su re  p l a t e s  shows t h a t  t he  h y s t e r e s i s  e f f e c t  i s  d i r e c t l y  r e l a t e d  t o  
t h e  s e n s i t i v i t y  of t h e  devices ,  The g r e a t e r  t h e  s e n s i t i v i t y ,  t h e  
g r e a t e r  t he  h y s t e r e s i s  e f f e c t .  
Although i t  i s  not  shown i n  t h e  da ta ,  i t  w a s  observed t h a t  t h e  
h y s t e r e s i s  e f f e c t s  were time dependent. The h y s t e r e s i s  loops were 
found t o  be smaller  when a few minutes were allowed t o  e l apse  a t  each 
a c c e l e r a t i o n  l e v e l .  The t i m e  requi red  t o  reach equi l ibr ium w a s  
approximately 1 to  2 minutes.  A s  shown by t h e  da ta ,  when the  acce l -  
e r a t i o n  was i n  the  d i r e c t i o n  of i nc reas ing  force  on t h e  needle ,  t h e  
cu r ren t  was g r e a t e r  on t h e  decending a c c e l e r a t i o n  curve than it w a s  
on the  ascending po r t ion  of  t h e  curve.  
t h e  cu r ren t  was greater when t h e  s t r e s s  on t h e  needle  w a s  being de- 
creased than i t  was when s t r e s s  w a s  being increased .  
For a nega t ive  a c c e l e r a t i o n ,  
A t  a f i r s t  glance,  one might suspect  t h a t  t h e  h y s t e r e s i s  e f f e c t  
i s  a r e s u l t  of  t h e  c r e a t i o n  of  generat ion-recombinat ion c e n t e r s  i n  
t h e  junc t ion  o f  t h e  sensor .  This model was o r i g i n a l l y  presented  as t h e  
mechanism respons ib le  f o r  t h e  p iezojunct ion  e f f e c t .  The t ime dependence 
i s  of  t h e  co r rec t  o rde r  of  magnitude f o r  such a mechanism. Consider 
t h e  c r e a t i o n  of generation-recombination c e n t e r s  which appear 
some very small time cons tan t  
o u t  wi th  a t i m e  cons tan t  T a f t e r  stress i s  r e l i e v e d .  I f  T i s  much 
less than the  t i m e  requi red  t o  i n c r e a s e  and decrease  t h e  fo rce  on the  
needle ,  then t h e r e  would be no d i f f e r e n c e  observed i n  t h e  magnitude o f  
t h e  c u r r e n t  between an inc reas ing  and decreas ing  fo rce .  
hand, if T i s  equal t o  o r  g r e a t e r  t han  t h e  t i m e  r equ i r ed  t o  inc rease  
and decrease t h e  force ,  then  a h y s t e r e s i s  e f f e c t  would be p re sen t  in 
wi th  
as s t r e s s  i s  app l i ed  and which anneal  
On t h e  o t h e r  
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t he  cu r ren t - fo rce  c h a r a c t e r i s t i c s .  
f i r s t  increased  then  decreased, the  
I 
I n  t h e  l a t t e r  case,  i f  fo rce  were 
generat ion-recombinat ion c e n t e r s  
introduced during t h e  fo rce  increas ing  per iod  would remain during t h e  
decreasing po r t ion  o f  t h e  cyc le  a n d  would t h e r e f o r e  r e s u l t  i n  a h ighe r  
cu r ren t  value.  Now i f  fo rce  i s  decreased and then increased,  any 
generation-recombination cen te r s  i n  t h e  m a t e r i a l  a t  t h e  time t h e  cyc le  
i s  i n i t i a t e d  would not  have time to  anneal  ou t  before  they were r e -  
introduced,  t h e  r e s u l t  being no ne t  change i n  t h e  c u r r e n t .  A s  shown 
i n  t h e  a c c e l e r a t i o n  d a t a  i n  Fig.  3-13, t h e  above conclusions a r e  not  
observed. I n  t h e  compression mode t h e  loop c l o s e s  a t  zero g and t h e r e  
i s  a h y s t e r e s i s  present  i n  t h e  s t r e s s  r e l i e v i n g  mode. The c r e a t i o n  
of  generation-recombination cen te r s  as a mechanism i s  t h e r e f o r e  r u l e d  
ou t  as a cause of  t h e  h y s t e r e s i s .  I f  t h i s  mechanism w a s  t h e  cause of  
t h e  h y s t e r e s i s  then  i t  would be a fundamental l i m i t a t i o n  on the  
p iezojunct ion  phenomenon. 
The observed h y s t e r e s i s  e f f e c t  i s  be l ieved  t o  be a r e s u l t  of 
p l a s t i c  deformation o r  non-e l a s t i c  behavior of t h e  p re s su re  p l a t e  
material. I f  t h e  p l a s t i c  deformation were i n  t h e  needle  it would re- 
s u l t  i n  permanent changes i n  t h e  cu r ren t  o r  a t  l e a s t  generat ion-  
recombination c e n t e r s  as discussed above would be c rea t ed .  The con tac t  
area between the  needle  and pressure  p l a t e  and t h e  s t r e s s  i n  t h e  
need le  would both be a f f e c t e d  by p las t ic  deformation o r  creep e f f e c t s  
i n  t h e  con tac t  reg ion .  These e f f e c t s  would r e s u l t  i n  changes i n  t h e  
c u r r e n t .  It would be a formidable t a s k  t o  p r e d i c t  t h e  e f f e c t  on 
c u r r e n t  s i n c e  A and u e n t e r  i n t o  t h e  cu r ren t  r e l a t i o n s h i p  i n  a com- 
p l e x  manner, and a l s o  t h e  e f f e c t  of t h e  n o n - e l a s t i c  behavior on A 
and u i s  not  known. 
S 
S 
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It can be concluded, however, that if a material which is harder 
than silicon is used as the pressure plate, then any plastic deformation 
or creep would be limited to the silicon needle. This should result 
in an increased sensitivity of the needle sensor. Although time did 
not permit the testing o f  the hypothesis in accelerometers, it was 
checked in a force transducer. 
by gold plated quartz with the result that the hysteresis effect was 
eliminated within the measurement capability of the measuring instru- 
ments which was on the order of  1%. 
The silicon pressure plate was replaced 
Sect ion  I V  
OTHER TRANSDUCERS 
4.1 In t roduc t ion  
The bas i c  s i l i c o n  needle  sensor  can be used as the  sensory element 
i n  a hos t  of  t ransducer  a p p l i c a t i o n s .  The conf igu ra t ions  f o r  employing 
t h e  s i l i c o n  needle  sensor  t o  measure such parameters as force ,  d i s -  
placement and pressure  a r e  l imi ted  only  by the  imaginat ion.  Severa l  
ul: ihe  more conver,ti;rial e;nfiEurations a r e  discxssed i n  t h e  following 
paragraphs.  
4.2 Di rec t  Coupled Force and Displacement Transducer 
The s imples t  method f o r  u t i l i z i n g  t h e  needle  sensor  t o  measure 
fo rce  and displacement i s  the  d i r e c t  coupled device.  Here, fo rce  i s  
app l i ed  d i r e c t l y  t o  t h e  needle .  F igure  4-1 shows a sketch of such a 
device .  The spr ing  i s  used t o  produce a dc b i a s ing  fo rce  on t h e  needle  
sensor .  This device c o n s i s t s  of  a cy l inde r ,  a p i s ton ,  which f i t s  
c l o s e l y  i n t o  t h e  cy l inder ,  and a rod through which t h e  d i sp lac ing  
f o r c e  i s  coupled t o  t h e  p i s ton .  The needle  sensor  i s  he ld  by t h e  
p i s t o n  so as t o  r ece ive  t h e  appl ied force .  
The r e l a t i o n s h i p  between appl ied fo rce  and displacement i s  given 
by 
FL 
4- & + AYn Y m=- nr 
ErAr p p 
( 4 . 1 )  
where AX = Tota l  displacement a t  end of  connecting rod .  
F = Displacing fo rce .  
E = Moduli of e l a s t i c i t y  of connecting rod and p i s ton .  Er’ p 
( 5  9) 
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Fip. 4 - 1 .  Piston Type Displacement Transducer. 
Lr, L = Length of rod and piston. P 
A = Cross-sectional area of rod and piston. Ar’ p 
Ayn = Displacement of needle, 
The displacement of the needle is given in Section 2 . 4 .  
The disadvantage to this design is the friction in the cylinder. 
Also, this design is susceptible to shock breakage of the needle. 
4 . 3  Cantilever Transducer 
The cantilever beam concept is readily adaptable for use with the 
silicon needle to measure force and displacement, 
ration is shown in Fig. 4 - 2 .  
the beam, then the force on the needle (F ) is 
The basic configu- 
If Fa is the applied force on the end of 
n 
F = F  
n a 2a ’ ( 4  2 )  
6 1  
h - 67 
I w  I 
Fig .  4 - 2 .  Sketch o f  Can t i l eve r  Beam Force Sensor.  
where L i s  t h e  l eng th  of  t h e  beam and a i s  t h e  d i s t a n c e  from t h e  c a n t i -  
l e v e r  t o  t h e  needle .  The de f l ec t ion  of t h e  end of  t h e  beam, Ay, i s  
( 4 . 3 )  
where E i s  Young's modulus of the beam, W i s  t h e  width of  t h e  beam, and 
h i s  t h e  beam he igh t .  Equation ( 4 . 3 )  neg lec t s  t he  compression o f  t h e  
need le .  
micron range.  
This assumption w i l l  be good f o r  t h i n  beams where Ay i s  i n  t h e  
For t h e  case of s h o r t  t h i c k  beams, t h e  compression of t h e  needle  
must be accounted for. I n  t h i s  case,  i f  Ayn i s  t h e  displacement o f  
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the  needle ,  then 
3 2 
2Fna - WEh Ayn/2a 
F =  3 L  - a 9 (4.4) a 
The displacement Ay i s  of  course a func t ion  of F as d iscussed  i n  
Sec t ion  11. 
with  the  following expression 
n n 
The d e f l e c t i o n  Ay can be solved by combining E q .  (4.4) 
2 4F L 3  2Fna 
EWh3 EWh3 
a Ay=- - -  (3L - a) . (4.5) 
There a r e  seve ra l  advantages of  t h e  c a n t i l e v e r  beam over d i r e c t  
coupled needle sensors .  A s  can be seen from E q .  (4 .2) ,  t h e r e  i s  a 
mechanical advantage which ampl i f i e s  t h e  fo rce  being measured. 
Amplif icat ions as high as 10 can be p r a c t i c a l l y  r e a l i z e d .  Also ,  t h e  
needle  pos i t i on  can be interchanged wi th  the  fo rce  a p p l i c a t i o n  p o s i t i o n  
t o  g ive  a mechanical disadvantage.  The l a t t e r  can be mathematically 
descr ibed by simply interchanging F wi th  Fn i n  E q .  (4 .2) .  a 
A second advantage of t he  c a n t i l e v e r  beam arrangement over  d i r e c t  
coupled t ransducers  i s  i t s  a b i l i t y  t o  wi ths tand  mechanical shock. 
Shock i n i t i a t e d  a t  t h e  end o f  t he  beam i s  a t t e n u a t e d  t o  some ex ten t  
before  i t  reaches the  needle  sensor .  Care must be exerc ised  i n  t h e  
design, however, t o  make s u r e  t h e r e  i s  no s i d e  motion on t h e  beam. 
The p r a c t i c a l  design of a c a n t i l e v e r  beam fo rce  t ransducer  re- 
q u i r e s  t h a t  the phys ica l  dimensions of  t h e  beam be considered as we l l  
as t h e  needle  s e n s i t i v i t y  and app l i ed  fo rce .  A s  a fo rce  t ransducer ,  
E q .  (4.2) i nd ica t e s  an independence from beam dimensions. There a r e  
c e r t a i n  p r a c t i c a l  l i m i t s  t o  an accep tab le  displacement of t h e  beam. 
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Also, a p r a c t i c a l  t ransducer  r equ i r e s  some means f o r  applying a dc 
b i a s ing  fo rce  on t h e  needle  s i n c e  a needle  sensor  r e q u i r e s  an approx- 
imate s t r e s s  of  10 
a l t e r e d .  One method f o r  applying t h e  dc b i a s ing  stress i s  shown i n  
F ig .  4 - 3 .  There a re ,  of course,  many o the r  ways t o  c r e a t e  t h e  dc 
b i a s ing  fo rce .  
9 dynes/cm2 before  t h e  e l e c t r i c a l  c h a r a c t e r i s t i c s  are 
A t y p i c a l  needle  sensor  has  a f o r c e - s e n s i t i v e  range from a threshold  
of  approximately 2 grams t o  a maximum of  30 grams. A s  a design example, 
assume t h a t  it i s  des i r ed  t o  design a c a n t i l e v e r  fo rce  t ransducer  t o  
measure forces  over  t h e  range of  0 t o  5 grams. A s  can be seen from 
Eq. ( 4 . 2 ) ,  a r a t i o  o f  1/3 f o r  a /L  w i l l  g ive  20 grams on t h e  needle  f o r  
F i g .  4 - 3 .  Cant i lever  Transducer wi th  a dc Biasing Force.  
6 4  
5 grams on the end of the beam. 
the needle in the sensitive range. This will give the needle an 
operating range of 5 to 25 grams. 
A dc bias load of  5 grams will put 
A s  a design example of a cantilever displacement transducer, 
suppose it is desired to measure displacements over the range 0 to 40 
microns. Further, assume that the maximum force that is available with- 
out interfering with the system to be measured is 1.5 grams. Consider 
a stainless steel beam with the following parameters: 
L = 112 in. 
W = 1/8 in. 
h = .010 in. 
a = 0.05 in. 
6 E = 29 x 10 psi . 
From Eq. ( 4 . 2 ) ,  
Ay = ( 4 3 . 2  microns/gm) F . a 
A one-gram load will give 4 3 . 2  microns in displacement which meets 
the displacement requirements. The one gram load will result in a 
force of 30 grams on the needle. 
negligible in these examples. 
The displacement of the needle is 
4 . 4  Pressure Sensors 
These are basically two methods for fabricating pressure trans- 
ducers which utilize the piezojunction phenomenon. 
lize a diaphragm to transmit the force to the p-n junction device. 
The first method utilizes the needle sensor in direct contact with 
the diaphragm while the second method utilizes a coupling pin between 
Both methods uti- 
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the  diaphragm and t h e  p-n junc t ion  device.  Both methods a r e  shown 
schemat ica l ly  i n  F ig .  4-4. 
The diaphragm i n  t h e s e  pressure  sensors  can be made from such 
materials as s t a i n l e s s  s t e e l ,  quar tz  o r  s i l i c o n ,  The l a t t e r  has  
proved t o  be one of t h e  b e s t  materials t o  use  i n  t h e  p re s su re  sensor  
i n  which t h e  needle  sensor  i s  used. 
The d e f l e c t i o n  a t  t h e  c e n t e r  of a clamped diaphragm AyD under 
a uniform p res su re  i s  
2 4 
- 3p (m - (edges f ixed)  , AY, - - 2 3  16Em t 
where P = Pressu re  per  u n i t  area. 
m = r e c i p r o c a l  of  Poisson 's  r a t i o .  
a = r a d i u s  of  diaphragm. 
E = Young's modulus o f  diaphragm, 
(4.6 1 
t = diaphragm th ickness .  . 
The d e f l e c t i o n  a t  t h e  c e n t e r  of a clamped diaphragm Ay under a po in t  
load  i s  
n 
2 2 3F (m - 1)a 
2 3  .Ayn = Y 47rEm t 
(4.7) 
where F i s  t h e  po in t  load .  The above equat ions are good f o r  diaphragm 
d e f l e c t i o n s  less t h a n . h a l f  t h e  thickness  of t h e  diaphragm. 
The fo rce  on t h e  needle  o r  coupling p i n  (where t h e  r ad ius  of t h e  
coupl ing  p i n  i s  << a) i s  
2 
4 '  
Pn-a E'=- (4.8) 
66 
Diaphragm 
Needle 
Sensor 
(a) S i l i c o n  Needle Pressure  Sensor 
Diaphragm 
Coupling 
P i n  
p-n Junct ion  
Sensor 
(b) Coupling P i n  P r e s s u r e  Sensor 
F i g .  4 - 4 .  Piezojunct ion P r e s s u r e  Sensors .  
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I f  t h e  diaphragm i s  no t  too l a r g e  i n  r ad ius  and i s  reasonably th i ck ,  
it can be used t o  apply t h e  dc b ias  fo rce  needed on t h e  p-n junc t ion  
senso r s .  For example, i f  a s t a i n l e s s  s t e e l  diaphragm i s  used wi th  
t = 2 m i l s ,  a = 0.2 i n . ,  a b ias ing  f o r c e  of  10 grams can be placed on 
t h e  needle  by forc ing  i t  a g a i n s t  the  diaphragm wi th  only  an 0.8 m i l  
d e f l e c t i o n .  I n  t h i s  example, a pressure  d i f f e r e n t i a l  ac ross  t h e  
diaphragm of 1 p s i  w i l l  apply a force  of 14.3 grams on t h e  sensor  
which i s  i n  t h e  proper range f o r  t he  needle  sensor  t o  ope ra t e .  
P re s su re  t ransducers  u t i l i z i n g  both t h e  coupl ing p in  and t h e  
needle  sensor  have been f ab r i ca t ed  and t e s t e d .  One of t h e  major ad- 
vantages of t h e  coupling p i n  method i s  t h a t  complicated mul t i j unc t ion  
sensors  can be used whereas i n  needle  sensors  only one junc t ion  i s  
p r e s e n t l y  a v a i l a b l e .  
A d i f f e r e n t i a l  p re s su re  t ransducer  of t he  coupl ing p in  type  has  
been f a b r i c a t e d  i n  which t h e  p-n junc t ion  sensor  w a s  a fou r - l aye r  
switch.  
window as descr ibed i n  Sec t ion  11. 
The switch w a s  made using t h e  p lanar  process  wi th  a s i n g l e  
The t ransducer  c o n s i s t s  o f  a b r a s s  housing, a b r a s s  diaphragm, 
i n l e t  and o u t l e t  p o r t s ,  a s t a i n l e s s  s teel  needle ,  and a p lanar  four-  
l a y e r  switch i n  ch ip  form. These components were used t o  form t h r e e  
major assemblies  which were then i n t e g r a t e d  i n t o  t h e  f i n a l  t ransducer  
shown schemat ica l ly  in Fig.  4-5. 
The diaphragm w a s  c u t  from 2 m i l  b r a s s  shim s tock  and f i t t e d  t o  
one end o f  t h e  b r a s s  inne r  housing. The o t h e r  end of  t h i s  i nne r  
housing w a s  d r i l l e d  t o  accommodate an  i n s u l a t e d  pos t  conta in ing  t h e  
sens ing  element and t o  acconnnodate t h e  low p res su re  p o r t .  The o u t e r  
68  
I n l e t  P res su re  
P o r t  
Outer  Housing 
Diaphragm 
S t e e l  Needle 
EPOXY 
S i l i c o n  Chip 
Inner  Housing 
Glass I n s u l a t o r  
Out1 e t  P res su re  
Brass Pos t  
P o r t  
F ig .  4-5. Sketch o f  Four-Layer Switch P res su re  Transducer.  
housing w a s  machined so t h a t  t h e  inne r  housing (conta in ing  t h e  
diaphragm) would f i t  c l o s e l y  i n t o  i t .  
was f i t t e d  with a b ras s  i n l e t  tube .  
and o u t l e t  po r t s  were a l l  connected us ing  l e a d  so lde r ing  techniques.  
One end of  t h e  o u t e r  housing 
The b ras s  diaphragm and t h e  i n l e t  
The sensing element was made by mounting t h e  ch ip  conta in ing  t h e  
four - layer  switch onto one end of a b ra s s  pos t  which w a s  machined t o  
f i t  c l o s e l y  i n t o  a 3/8  inch  O.D. g l a s s  tube.  
p l ace  by conductive epoxy. 
s i l i c o n  ch ip  was machined i n t o  a te rmina l  f o r  e lec t r ica l  connect ion.  
The ch ip  w a s  he ld  i n  
The end of  t he  b r a s s  pos t  oppos i t e  t h e  
6 9  
The purpose o f  t h e  g l a s s  was t o  e l e c t r i c a l l y  i n s u l a t e  t h e  pos t  from 
t h e  remainder o f  t h e  t ransducer .  
A s tee l  needle  w a s  epoxied t o  t h e  s i l i c o n  ch ip  t o  t r ansmi t  t h e  
f o r c e  from t h e  diaphragm t o  t h e  four - layer  swi tch .  Armstrong r e s i n  
epoxy was used.  
The f i r s t  s t e p  i n  t h e  i n t e g r a t i o n  o f  t h e s e  assemblies  w a s  t o  
p l a c e  t h e  i n n e r  housing i n t o  t h e  o u t e r  housing l eav ing  a small chamber 
between t h e  i n l e t  p o r t  and t h e  diaphragm, The two housings were 
bonded toge the r  by r e s i n  epoxy. The sens ing  element w a s  then  p laced  
i n t o  t h e  g l a s s  i n s u l a t o r  and epoxied i n  p l a c e .  Conductive epoxy w a s  
p laced  on t h e  ba re  end o f  t h e  s t e e l  needle  and t h e  complete sens ing  
element assembly lowered i n t o  the  i n n e r  c y l i n d e r  u n t i l  e l ec t r i ca l  con- 
t ac t  was made between t h e  needle  and t h e  diaphragm. Once c o n t a c t  w a s  
made, an  i n i t i a l  f o r c e  was produced by lowering t h e  sens ing  element 
assembly s t i l l  f u r t h e r  i n t o  t h e  i n n e r  hous ing .  A photograph o f  t h e  
dev ice  i s  shown i n  F ig .  4 - 6 .  
F i g .  4-6 .  Four-Layer Switch P res su re  Transducer .  
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The completed p res su re  t ransducer  was c a l i b r a t e d  by connecting t h e  
fou r - l aye r  sensing element i n  a r e l a x a t i o n  o s c i l l a t o r  c i r c u i t  ( s ee  
Sec t ion  V) and applying a known p res su re  t o  the  i n l e t  p o r t .  
o r  low p res su re  po r t ,  w a s  vented t o  t h e  atmosphere. 
zero  p r e s s u r e  frequency o f  t h e  o s c i l l a t o r  was 91 kc.  A frequency 
change of  20 kc was obtained wi th  a p re s su re  change of 0 t o  4 p s i .  
The c a l i b r a t i o n  curve obtained i n  t h i s  manner i s  shown i n  F ig .  4-7 .  
The o u t l e t ,  
The c e n t e r  o r  
I I I I I I I I 
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Fig.  4-7. Cal ib ra t ion  Curve of  Four-Layer Switch P r e s s u r e  Transducer.  
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S i l i c o n  needle  p re s su re  t ransducers  have a l s o  been f a b r i c a t e d  
and t e s t e d .  These t ransducers  u t i l i z e d  a s i l i c o n  diaphragm wi th  a 
th ickness  of  2 . 5  m i l s .  The diaphragm w a s  clamped between a rubber 
0 r i n g  and a b ras s  housing. The s i l i c o n  needle  sensor  w a s  mounted i n  
a mechanical screw and s e t  i n  p lace  a g a i n s t  one s i d e  of t h e  diaphragm. 
Elec t r ica l  con tac t  w a s  made by evaporating gold on t h e  s i l i c o n  d ia -  
phragm t o  which one s i d e  of  t h e  needle  j u n c t i o n  made con tac t .  
needle  shank w a s  t h e  o t h e r  con tac t .  The dc b i a s ing  f o r c e  was appl ied  
by p u t t i n g  a vacuum on t h e  s i d e  of t h e  diaphragm oppos i t e  t h e  needle  
and then  s e t t i n g  the  needle  aga ins t  t h e  diaphragm by means of  t h e  
screw. When t h e  vacuum was re leased ,  t h e  diaphragm appl ied  t h e  dc 
b i a s  fo rce .  The diameter of t h e  diaphragm w a s  1 2  nun. F igure  4-8 i s  
a p l o t  of t h e  sensor  c u r r e n t  as a func t ion  o f  p re s su re .  The vol tage  
w a s  he ld  cons tan t  ac ross  t h e  sensor .  
The 
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Fig. 4-8 .  Current i n  t h e  Reverse Biased Mode as a Function o f  P r e s s u r e  f o r  
a S i l i c o n  Needle Pressure  Transducer.  
Sect ion  V 
Read-Out C i r c u i t r y  f o r  P iezojunct ion  Sensors  
5 . 1  In t roduc t ion  
C i r c u i t r y  used i n  t h e  p a s t  f o r  acqu i r ing  da ta  from l abora to ry  
accelerometers  and p iezojunct ion  devices  was devised s p e c i f i c a l l y  f o r  
t h e  purpose of eva lua t ing  t h e s e  devices under l abora to ry  cond i t ions .  
The measuring techniques were conventional and implemented conventional 
I c r h r a t o r y  equipmcnt. mc Zcxlopmcnt of acce lercmeters  and o t h e r  
t ransducers  has  produced a need fo r  cons ider ing  c i r c u i t s  which can be 
used t o  produce a read-out  f o r  the devices  i n  o t h e r  than l abora to ry  
a p p l i c a t i o n s .  
a r e  compatible wi th  microelectronic '  techniques and devices .  
P iezojunct ion  sensors  are s o l i d  s t a t e  devices  and hence 
5.2 D i f f e r e n t i a l  Amplif ier  
A simple d i f f e r e n t i a l  ampl i f i e r  was devised which produced a 
0 - 5V dc output  i n  propor t ion  t o  a stress inpu t  of  5 x l o9  t o  
10" dynes/cm i n t o  a p-n junc t ion  sensor .  Two similar r eve r se  
b i a sed  diodes were used - one i n  each l e g  of t h e  d i f f e r e n t i a l  ampl i f i e r .  
One diode w a s  t h e  sensing element o f  an  accelerometer  and t h e  o t h e r  
w a s  a r e fe rence  element. The diodes formed a p a r t  of a b i a s ing  ne t -  
work f o r  t h e  a m p l i f i e r  s t ages .  
v a r i a b l e  r e s i s t o r  i n  t h e  re ference  s t age .  A schematic diagram of t h e  
a m p l i f i e r  i s  shown i n  F ig .  5-1. 
2 
The zero  p o i n t  i s  balanced by a 
5.3 Four-Layer Switch O s c i l l a t o r  
F igure  5-2 i s  a schematic diagram of  a r e l a x a t i o n  o s c i l l a t o r  i n  
which t h e  frequency i s  dependent on t h e  inpu t  a c c e l e r a t i o n .  The 
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Fig. 5-1. Accelerometer Differential Amplifier. 
1% V 
R1 
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Fig. 5-2. Four-Layer Switch Oscillator Circuit. 
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a c t i v e  element i n  t h e  o s c i l l a t o r  is a 2N3027 fou r - l aye r  switching 
device.  The frequency of  o s c i l l a t i o n  depends on t h e  g a t e  c u r r e n t  t o  
t h e  device.  An accelerometer  i s  placed i n  series (such t h a t  t h e  
a c c e l e r a t i o n  sensing junc t ion  device i s  forward biased)  wi th  t h e  g a t e  
supply.  
r e s u l t s  i n  an inc rease  i n  frequency o f  o s c i l l a t i o n .  The o s c i l l a t o r  
frequency i s  con t ro l l ed  by t h e  R C 1 1  
Figure  5-3  shows two photographs of t h e  output  waveform of t h e  c i r c u i t ,  
(a) wi th  no a c c e l e r a t i o n  and (b) under a c c e l e r a t i o n .  A change i n  both 
the  amplitude and frequency of t he  waveform can be e a s i l y  de tec ted  
i n  these  photographs. However, the  change i n  frequency i s  t h e  most 
advantageous measure of input  a c c e l e r a t i o n  due t o  t h e  f a c t  t h a t  i t  can 
be more e a s i l y  t ransmi t ted  without  d i s t o r t i o n .  
An inc rease  i n  a c c e l e r a t i o n  al lows a r i se  i n  g a t e  c u r r e n t  and 
t i m e  cons tan t  and R of t h e  sensor .  
The most c r i t i c a l  disadvantage of  t h e  above c i r c u i t  has  been 
i t s  i n s t a b i l i t y .  
5 . 4  Unijunct ion O s c i l l a t o r  
A s imi l a r  c i r c u i t ,  shown i n  F ig .  5-4 ,  w a s  designed which u t i l i z e s  
a un i junc t ion  t r a n s i s t o r  as t h e  a c t i v e  element i n  a r e l a x a t i o n  
o s c i l l a t o r .  The accelerometer  a c t s  as an  a c c e l e r a t i o n  s e n s i t i v e  
r e s i s t o r  i n  t h e  RC t iming c i r c u i t  o f  t h e  o s c i l l a t o r .  It i s  t h i s  s e r i e s  
RC c i r c u i t  which determines t h e  o s c i l l a t o r  frequency. This  o s c i l l a t o r  
i s  more s t a b l e  wi th  frequency than t h e  previous c i r c u i t .  This i s  
p a r t i a l l y  due t o  t h e  f a c t  t h a t  the frequency of o s c i l l a t i o n  does n o t  
depend d i r e c t l y  on a switching l e v e l  of  t h e  un i junc t ion  device but  
i s  determined by an  ex te rna l  c i r c u i t .  
u n i j u n c t i o n  t r a n s i s t o r  c i r c u i t .  
F igure  5 - 4  i s  a schematic of  t he  
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(a) No Acceleration 
(b) Under Acceleration 
F i g .  5-3. Photographs of Four-Layer Switch Oscillator Waveforms Under 
Normal and Highcr-Than-Normal Accelerations. 
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Accelerometer R = 200 R 1 
Fig. 5-4. Unijunction Transistor Oscillator Circuit. 
out 4 
-- 
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5.5 Summary 
The circuits described above were developed simply to determine 
their feasibility and are by no means optimum. 
attempt made to environment harden any of the circuits, although 
the differential amplifier is somewhat inherently temperature compensated. 
The simplicity of the circuits reflect the lack of difficulty associated 
with utilizing the piezojunction accelerometers in a practical 
application. Probably most significant is the ease with which a fre- 
quency modulated read-out is obtained. 
There has been no 
t b  0 output 
4 
2N491A 
c = .001 pf 
R2 = 20 R 
- 
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study have shown t h a t ,  i n  f a c t ,  t h e  p iezojunct ion  phenomenon can be 
used as t h e  sensory  phenomenon i n  accelerometers ,  force ,  displacement,  
and p res su re  t r ansduce r s .  No f i n a l i z e d  designs were made, t h e  o b j e c t  
he re  being a s tudy of  f e a s i b i l i t y  o f  such devices .  
Considerable e f f o r t  has  been placed on t h e  demonstration of t h e  
usefu lness  o f  t h e  p iezojunct ion  e f f e c t  i n  accelerometers .  The double- 
diaphragm type  device w a s  found t o  be t h e  b e s t  conf igu ra t ion  s tud ied  
f o r  use  wi th  t h e  needle  sensor .  These devices  showed resonant  f r e -  
quencies  g r e a t e r  than 3 KC and are capable of  measuring both ac and dc 
a c c e l e r a t i o n s .  Laboratory devices  were f ab r i ca t ed  wi th  responses  
covering t h e  range from + 1 g t o  + 100 g .  - - 
Eeveral  techniques were developed f o r  providing a d i g i t a l  ou tput  
f o r  t h e  p iezojunct ion  sensors .  The most prominent were t h e  four - layer  
o s c i l l a t o r  and t h e  un i junc t ion  o s c i l l a t o r .  
There s t i l l  remains some ques t ions  t h a t  need t o  be answered i n  
t h e  a p p l i c a t i o n  of  t h e  p iezojunct ion  e f f e c t  i n  t ransducers .  One of  
t h e s e  i s  t h e  h y s t e r e s i s  e f f e c t  as exhib i ted  by t h e  l abora to ry  
acce lerometers .  Although qua r t z  pressure  p l a t e s  appeared t o  e l imina te  
t h e  e f f e c t ,  i t  remains t o  be proven i n  t h e  accelerometers  themselves. 
Another problem t h a t  needs f u r t h e r  s tudy i s  t h e  f r a g i l e  n a t u r e  o f  
p i ezo junc t ion  t ransducers .  
breakage of  t h e  sensors  need t o  be inves t iga t ed .  Temperature and long 
term s t a b i l i t y  s t u d i e s  of t ransducers  a l s o  need t o  be performed i f  t h e  
devices  a r e  t o  be app l i ed  wi th  success and confidence.  
Methods of prevent ing o v e r s t r e s s  and 
The l i m i t a t i o n s  t h a t  have been encountered i n  applying t h e  piezo- 
j u n c t i o n  e f f e c t  i n  t ransducers  do not appear t o  be beyond e l imina t ion  
I 
Sec t ion  V I  
CONCLUSIONS AND RECOMMENDATIONS 
This  study has  shown t h a t  mechanical stress app l i ed  t o  t h e  
j u n c t i o n  a rea  o f  p-n junc t ion  devices  can cause l a r g e  changes i n  t h e  
e l e c t r i c a l  c h a r a c t e r i s t i c s  of  t h e  devices .  The underlying mechanism 
has  been found t o  be a decrease i n  t h e  e f f e c t i v e  energy gap of  t h e  
semiconductor c r y s t a l .  
t h e  e f f e c t s  of s t r e s s  on t h e  e lectr ical  c h a r a c t e r i s t i c s  of diodes,  
t r a n s i s t o r s ,  and fou r - l aye r  switches.  The p iezojunct ion  e f f e c t  showed 
up i n  many ways depending on t h e  device conf igu ra t ion  and mode of  
ope ra t ion .  Of t h e  many devices  t h a t  were s tud ied ,  t h e  s i n g l e - j u n c t i o n  
diode wi th  stress appl ied  t o  t h e  e n t i r e  j unc t ion  a r e a  has  emerged as 
one of  t h e  bes t  conf igu ra t ions  f o r  u se  i n  t ransducer  a p p l i c a t i o n s .  
Ana ly t i ca l  expressions have been developed f o r  
The s i l i c o n  needle  sensor  w a s  conceived and t h e  techniques f o r  
f a b r i c a t i o n  were developed. 
o f  no t  r equ i r ing  a d e l i c a t e  alignment ope ra t ion  between t h e  s t r e s s i n g  
arrangement and t h e  j u n c t i o n  t o  be s t r e s s e d .  
p o s s i b i l i t y  of d r a s t i c  s i z e  reduct ions  i n  senso r s  based on t h e  piezo-  
junc t ion  e f f e c t .  One of  t h e  problems a s s o c i a t e d  wi th  t h e  a p p l i c a t i o n  
o f  t h e  needle sensor  has  been t h e  r educ t ion  o f  t h e  s i z e  of  t h e  
mechanical conf igura t ions  so t h a t  they  were n o t  o r d e r s  of magnitude 
g r e a t e r  than t h e  sensor  s i z e .  
The needle  senso r  has  t h e  b i g  advantage 
It a l s o  o f f e r s  t h e  
A v a r i e t y  of  t ransducers  u t i l i z i n g  both t h e  needle  sensor  and t h e  
indentor  point  method have been i n v e s t i g a t e d .  
were f ab r i ca t ed  i n  t h e  l abora to ry  and eva lua ted .  
Many of  t h e s e  t r ansduce r s  
The r e s u l t s  o f  t h e  
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in practical devices. The phenomenon offers the possibility of a whole 
new class of transducers that are limited only by one's imagination. 
The major attributes of transducers based on the piezojunction effect 
are small size, low power, high sensitivity, high resonant frequency, 
sensitive to both ac and dc stimuli, and compatibility with micro- 
electronic circuits and techniques. 
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STRESS EFFECTS ON p-n-p-n DIODES 
A3 
Appendix A 
STRESS EFFECTS ON p-n-p-n DIODES 
The b a s i c  p-n-p-n s t r u c t u r e  with two g a t e  connect ions i s  shown i n  
F ig .  A - 1 .  
j unc t ion  i s  reverse b iased  wh i l e  the  o t h e r  two junc t ions  a r e  s l i g h t l y  
forward b iased .  The c u r r e n t  through t h e  c e n t e r  j u n c t i o n  i s  composed 
of  t h r e e  components. 
I n  t h e  low c u r r e n t  "off" s t a t e  of  t h e  device,  t h e  c e n t e r  
(1) The normal r eve r se  b i a s  cu r ren t  of a p-n junc t ion ,  Ico(V). 
(2) The f r a c t i o n  of t h e  ho le  c u r r e n t  a t  j u n c t i o n  1 which i s  co l -  
l e c t e d  a t  t h e  c e n t e r  j unc t ion  , Mn% IC' 
(3) The f r a c t i o n  of  t h e  e l ec t ron  c u r r e n t  a t  j unc t ion  3 which i s  
c o l l e c t e d  a t  t h e  c e n t e r  junc t ion ,  Mp"k IE. 
The q u a n t i t i e s  % and % are  t h e  dc  a lphas  of  t h e  n-p-n and t h e  p-n-p 
s e c t i o n s  t r e a t e d  as t r a n s i s t o r s .  M and M are  t h e  m u l t i p l i c a t i o n  
n P 
I 
L 
3 2 1 
+ 
F i g .  A - 1 .  Basic p-n-p-n S t ruc tu re .  
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f a c t o r s  f o r  e l ec t rons  and h o l e s .  The c u r r e n t  a t  t h e  c e n t e r  j u n c t i o n  
i s  then 
I = Ico(V> + Mn(V)% IC + Mp(V)o$ IE . (A.1) 
The c u r r e n t s  I and I are normally taken as t h e  independent v a r i -  
g l  82 
a b l e s  and t h e  cu r ren t  equat ion w r i t t e n  as 
Equation ( A . 2 )  can be solved f o r  I and g ives  
The ;*lphas,  % and a 
and 3 ,  r e spec t ive ly ;  i . e . ,  
are funct ions of  t h e  c u r r e n t s  a t  junc t ions  1 
P' 
It i s  obvious from Eq. ( A . 3 )  t h a t  I becomes very  l a r g e  as 
Mn(V)%(I + Igl> + Mp(V)%(I + Ig2) + 1 . ( A . 5 )  
The I - V  c h a r a c t e r i s t i c  descr ibed  by Eq. ( A . 3 )  i s  a double-valued func- 
t i o n  of I because of  t he  dependence of % and % on I. 
c h a r a c t e r i s t i c  i s  shown i n  F ig .  A - 2 .  The coord ina te s  of t h e  switching 
A t y p i c a l  
po in t  separa t ing  the  high and l o w  impedance s t a t e s  a r e  I S' VS' A 
negat ive  r e s i s t ance  reg ion  occurs  between I V and Ihy Vh. The 
switching point  can be shown t o  occur  when 
s' s 
A5 
V 
I S  'h 
F i g .  A - 2 .  Typical I - V  C h a r a c t e r i s t i c  o f  p-n-p-n Diode. 
I 
where an0 and a 
r eg ions .  Equation (A.6)  combined wi th  t h e  equat ion 
a r e  t h e  small s igna l  a lphas  of t h e  n-p-n and p-n-p 
P O  
determines t h e  switching coordinates  I and V 
i n c r e a s e s  wi th  cu r ren t ,  it can be shown t h a t  
For an a lpha  which S S' 
Olno 1 % ' 
The case o f  I = I = 0 i s  of i n t e r e s t  here ,  and gives  
g l  g2 
A6 
The func t ion  I (V) has  the  approximate form: co 
(A.  10) 
where M(V) i s  the  m u l t i p l i c a t i o n  f a c t o r  f o r  t h e  c e n t e r  j unc t ion ,  VB 
i s  t h e  breakdown vol tage ,  and I i s  t h e  r eve r se  b i a s  c u r r e n t  a t  t h e  
c e n t e r  junc t ion  wi th  no m u l t i p l i c a t i o n  ex t r apo la t ed  t o  t h e  breakdown 
vo l t age .  
t h i s  manner a t  V is done f o r  convenience only.  The parameter n i s  
t y p i c a l l y  between 2 and 3 .  The m u l t i p l i c a t i o n  f a c t o r  i s  assumed t o  
be o f  t h e  form 
0 
This i s  i l l u s t r a t e d  i n  F ig .  A - 3 .  Normalizing t h e  vo l t age  i n  
B 
1 M(V) = 
1 - 
vB 
(A.  11) 
IO 
Fig .  A - 3 .  Reverse Bias Current  vs Reverse Voltage.  
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Four- layer  diodes can be convenient ly  d iv ided  i n t o  two major 
c l a s s e s  depending upon t h e  sum of  t h e  a lphas  a t  the  c u r r e n t  I . For 
t h e  case  where 
0 
s i g n i f i c a n t  m u l t i p l i c a t i o n  must occur i n  t h e  diode before  E q .  ( A . 6 )  
can be s a t i s f i e d ,  hence, t h e  switching vo l t age  is approximately t h e  
breakdown vo l t age  o f  t h e  c e n t e r  junc t ion .  For the  case  where 
t h e  switching condi t ion  given by E q .  (A.6)  can be s a t i s f i e d  wi th  l i t t l e  
m u l t i p l i c a t i o n  i n  t h e  diode. 
less than t h e  breakdown vo l t age  of t h e  c e n t e r  j unc t ion .  
ac te r i s t ics  of t h e  d i f f e r e n t  types,  i nd ica t ed  type  A and type  B, a r e  
For t h i s  case,  t h e  switching vo l t age  i s  
Typical  char- 
shown i n  F ig .  A - 4 .  
H 
C 
r( 
(I ) + a (Io) << 1 * PO 
type A 
V 'B ' 
F i g .  A - 4 .  Typical I - V  C h a r a c t e r i s t i c s .  
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For most a p p l i c a t i o n s  of  p-n-p-n diodes,  high switching vo l t ages  
a r e  d e s i r a b l e  and consequently most commercial devices  have 
(Io) + a (Io) << 1. For these  devices ,  t h e  threshold  vo l t age  i s  
P O  
e s s e n t i a l l y  the  breakdown vo l t age .  Junc t ion  breakdown vo l t age  i s  
f a i r l y  i n s e n s i t i v e  t o  s t r e s s  and thus  type A devices  a r e  not  good diodes 
f o r  s t r e s s  t ransducer  a p p l i c a t i o n s .  On t h e  o t h e r  hand, t h e  switching 
vo l t age  of type B devices  i s  very s e n s i t i v e  t o  changes i n  the  a lpha  
o f  t h e  var ious  s e c t i o n s  and consequently devices  of  t h i s  type a r e  s u i t e d  
f o r  s t r e s s  t ransducer  elements.  It should be noted t h a t  a type A de- 
v i c e  can be converted t o  a type B device by applying a g a t e  c u r r e n t  t o  
a p-n-p-n switch and thereby increas ing  t h e  a lpha  of  one of  t h e  t r a n s i s t o r  
s e c t i l n s .  Fur ther  d i scuss ion  i s  l imi t ed  t o  devices  f o r  type B where the  
threshold  vol tage  i s  l e s s  than t h e  breakdown vo l t age .  For t h i s  case ,  
m u l t i p l i c a t i o n  i s  r e l a t i v e l y  unimportant and 
(A.  14) 
The cu r ren t  a t  which switching occurs  i s  determined by t h e  equation: 
(A. 15) 
A model € o r  t h e  p-n-p-n diode wi th  a small area under s t r e s s  is 
shown i n  F ig .  A - 5 .  The stress i s  assumed t o  be app l i ed  uniformly over  
an  area A I n  an  a n a l y s i s  similar t o  t h a t  l ead ing  t o  Eq. ( A . l ) ,  t h e  
t o t a l  cu r ren t  i s  
S' 
1 = 1 1 + 1 2 = 1  co ( V ) + a  P I a1 + %ICI 
(A. 16) 
'a 1 
I1 
I C 1  
A9 
F 
S t r e s s  
AS 
4 'a2 
1 I2 
4 I C 2  
I 
F i g .  A - 5 .  Model f o r  S t r e s sed  p-n-p-n Diode. 
ed 
This  can be solved f o r  t h e  t o t a l  c u r r e n t  as 
bU 
I =  (A.17) 
1 - c$ I 'a1 - % I I C 1  - r$ - 'a2 - a'- IC2 * 
I N I  
For  the  most genera l  s t r e s s  case, t h e  a lphas  depend upon t h e  s t r e s s  and 
c u r r e n t  d e n s i t i e s  i n  t h e  va r ious  reg ions .  
I 
Also, t h e  r a t i o s  I /I, a1 
/I, e t c . ,  can depend upon t h e  s t r e s s  as w e l l  as t o t a l  c u r r e n t .  c1 
The e f f e c t  of stress on t h e  a lpha  of a p-n-p t r a n s i s t o r  can be 
c a l c u l a t e d  by cons ider ing  t h e  cu r ren t  components: 
(A. 18) 
Area 
A 1  0 
where y(U ), y(U,>, \lw give  t h e  e f f e c t s  of  stress on t h e  c u r r e n t  
components. The c u r r e n t  I i s  t h e  space charge reg ion  genera t ion-  
recombination c u r r e n t .  The t o t a l  c u r r e n t  i s  then 
n 
sc 
where 
Z = exp(qV/2kT) . 
The s o l u t i o n  of  t h i s  equat ion f o r  Z i s  
whrre 
(A.19) 
(A.  20) 
(A.  21) 
( A .  22) 
The dc and small s i g n a l  a lphas  a r e  
(A.  23) 
where B* i s  the base t r a n s p o r t  f a c t o r  which i s  assumed t o  be independent 
of  c u r r e n t .  Evaluat ion of  t h e  express ions  f o r  a lpha  i n  terms of I g ives  
1 a = 01, 
1 + 2 [(l + 8 I/I*) ml ] - l  
1/21  
(A. 24) 
1 
(1 + 8 I/I*) 
a. = 01, [l - 
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where 
For t h e  case of uniform stress across  t h e  e m i t t e r  junc t ion ,  i .e . ,  
= a = a On p J’ 
a given c u r r e n t  l e v e l ,  then  alpha i s  independent o f  stress. For non- 
uniform stress ac ross  t h e  junc t ion ,  such as o > aJ  > an, a, decreases  
wi th  s t r e s s ,  s i n r e  I yb I . I’k first inrreases and then decreases as 
stress i s  increased  f o r  t h e  above case. The behavior of  a lpha  a t  a 
cons t an t  cu r ren t  level i s  then  a complex func t ion  of stress. A t  su f -  
it i s  seen t h a t  I* and am are independent of stress. A t  
P 
1 2 ’  
f i c i e n t l y  l a r g e  stress a lpha  decreases .  I n  t h e  l i m i t  of  a - = o  J - ‘n 
and a # 0, both I* and a, decrease wi th  inc reas ing  s t r e s s .  
P 
The behavior o f  p-n-p-n diodes under genera l  s t r e s s  i s  very  com- 
p l i c a t e d ,  t he re fo re ,  some simple cases  a r e  considered.  The f i r s t  
ca se  i s  t h a t  of uniform stress over the  e n t i r e  diode, i . e . ,  (As = AT).  
A s  d i scussed  above, t h e  a lphas  for  t h i s  case  depend only  on t h e  cur-  
r e n t  and n o t  on t h e  stress. The only  stress dependent term i n  
Eq. (A.17) is  then  I t h e  reverse  b i a s  c u r r e n t  o f  t h e  c e n t e r  junc- 
t i o n  which a t  t h e  switching point  g ives  
coy 
(A. 26) 
where t h e  stress dependence of  Ic0 has been taken a s r  
a l p h a s  are independent of  stress, t h e  switching cu r ren t  i s  independent 
o f  stress and 
Since t h e  
A1 2 
o r  (A.  27) 
Since y increases  wi th  stress, t h e  switching vo l t age  i s  seen t o  de- 
c rease  wi th  s t r e s s .  
When a small region i s  s t r e s s e d  such as shown i n  F ig .  A-5, t h e  
cu r ren t  i s  no longer  uniform over t h e  diode,  The lowered band-gap 
i n  t h e  s t r e s s e d  a r e a  causes  a l a r g e r  f r a c t i o n  of  t h e  t o t a l  c u r r e n t  t o  
flow i n  the  s t r e s s e d  a rea ,  and a corresponding smal le r  f r a c t i o n  of t h e  
t o  a1 curren t  i n  t h e  uns t ressed  a r e a .  The increased  c u r r e n t  i n  the  
s t r e s s e d  area inc reases  t h e  a lphas  o f  t h e  s t r e s s e d  a r e a  lead ing  t o  
f u r t h e r  increases  i n  c u r r e n t .  The increased  c u r r e n t  dens i ty  i n  t h e  
s t r e s s e d  a rea  might be expected t o  g ive  a lower switching vol tage ,  
however, t h i s  i s  no t  n e c e s s a r i l y  t h e  case  s i n c e  t h e  t o t a l  cu r ren t  i s  
t h a t  through both the  s t r e s s e d  and uns t r e s sed  areas. 
Fur ther  complicat ions a r i s e  when a small area i s  s t r e s s e d  due t o  
non-uniform s t r e s s i n g  of t h e  j u n c t i o n s .  S t r e s s  over  small areas i s  
normally appl ied  by means of  an  inden te r  po in t  which g ives  an  a t t e n -  
ua t ion  of the stress wi th  depth from t h e  s u r f a c e .  To i l l u s t r a t e  
t h i s  case,  assume t h a t  t h e  fo rce  i s  concent ra ted  mainly on t h e  p s i d e  
of t h e  upper junc t ion  i n  F ig .  A-5. For t h i s  case ,  stress causes  an  
inc rease  i n  the  i n j e c t i o n  o f  e l e c t r o n s  i n t o  t h e  upper p reg ion .  
decreases  $ and t h e  e f f e c t  can be r ep resen ted  as a s t r e s s  dependent 
This 
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1 )  
g a t e  cu r ren t  bypassing t h e  upper p-n j unc t ion .  This  i s  i l l u s -  
t r a t e d  i n  F ig .  A-6. This increased  c u r r e n t  acts  t o  suppress  t h e  
switching a c t i o n  j u s t  as a g a t e  cu r ren t  i n  t h e  same d i r e c t i o n  would 
do. Thus, under these  condi t ions ,  t h e  switching vo l t age  would inc rease .  
A s  t h e  above l i m i t i n g  cases i l l u s t r a t e ,  t h e r e  a re  several com- 
pe t ing  processes  i n  ope ra t ion  f o r  most p r a c t i c a l  s t r e s s  condi t ions .  
Some of t hese  f a c t o r s  tend t o  g ive  a decreasing switching vo l t age  
w i t h  inc reas ing  stress whi le  o the r  f a c t o r s  have j u s t  t h e  oppos i t e  
e f f e c t .  The switching vo l t age  can thus  be expected t o  decrease o r  
i nc rease  depending on t h e  r e l a t i v e  importance of  t hese  f a c t o r s .  
F i g .  A-6. E f f e c t  of Small Area Stress wi th  Rapid S t r e s s  At tenuat ion  
from S t r e s s e d  Surface .  
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The important f a c t o r s  are: 
(1) Non-uniform s t r e s s  app l i ed  t o  t h e  va r ious  junc t ions .  
(2)  Dif fe ren t  cu r ren t  d e n s i t i e s  i n  t h e  s t r e s s e d  and uns t r e s sed  
a reas .  
While the case  of a genera l  s t r e s s  has  not  been analyzed i n  d e t a i l  
he re ,  t h e  following genera l  conclusions can be drawn. For t h e  case  
where t h e  s t r e s s e d  a r e a  and t o t a l  area do not  d i f f e r  g r e a t l y ,  t h e  
switching vol tage  should decrease wi th  inc reas ing  stress. 
case  of s t r e s s i n g  a very small a r e a  wi th  an  inden te r  po in t ,  t h e  
switching vol tage  should inc rease  wi th  inc reas ing  stress. The changes 
wi th  stress i n  e i t h e r  case  can be r a t h e r  l a r g e .  P r a c t i c a l  s t r e s s i n g  
ar:angements a r e  o f t e n  between these  extremes and can g ive  e i t h e r  i n -  
c reas ing  o r  decreasing switching vo l t age  as stress i s  inc reased .  
For t h e  
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SOME EFFECTS O F  MECHANICAL STRESS ON THE BREAKDOWN 
VOLTAGE O F  p-n JUNCTIONS 
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Appendix B 
(Published i n  the September 1966 
i s s u e  o f  t h e  Journal  of  Applied Physics)  
Some E f f e c t s  of  Mechanical S t r e s s  on t h e  Breakdown 
Voltage of  p-n Junct ions"  
-1. 
J. R.  Hauser and J. J. Wortman 
Research Tr iangle  I n s t i t u t e ,  Research Tr iangle  Park,  North Carol ina 
Various f a c t o r s  determining stress induced changes i n  t h e  break- 
down vol tage  of G e  and S i  p-n junc t ions  are d iscussed .  
developed which accounts f o r  t h e  mul t iva l ley  band s t r u c t u r e  o f  semi- 
conductors such as Ge and S i .  Analyt ic  expressions a r e  developed 
f o r  t h e  change i n  breakdown vol tage ,  @,V/VB, as a func t ion  o f  a genera l  
stress. For S i ,  a l i n e a r  decrease i n  AVlV wi th  inc reas ing  s t r e s s  i s  
p red ic t ed .  The p r o p o r t i o n a l i t y  f ac to r  i s  of t h e  same order  of magni- 
tude  as t h e  band gap dependence on h y d r o s t a t i c  pressure .  For Ge, an  
i n i t i a l  i nc rease  i n  AVlV followed by a decrease a t  high s t r e s s  l e v e l s  
i s  ind ica t ed .  The model i s  shown t o  be c o n s i s t e n t  w i th  r epor t ed  experi-  
mental  da t a .  
A model i s  
B 
B 
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I. INTRODUCTION 
Severa l  i n v e s t i g a t i o n s  have shown t h a t  mechanical stress can 
induce r e v e r s i b l e  changes i n  t h e  e l ec t r i ca l  c h a r a c t e r i s t i c s  of p-n 
junc t ions .  1-5 I n  t h e s e  i n v e s t i g a t i o n s ,  l a r g e  a n i s o t r o p i c  stresses 
have been introduced i n t o  t h e  j u n c t i o n s  of d iodes  and t r a n s i s t o r s  
r e s u l t i n g  i n  l a r g e  changes i n  s a t u r a t i o n  c u r r e n t s  of d iodes  and i n  
cur ren t -ga in  f o r  t r a n s i s t o r s .  These changes have been a t t r i b u t e d  
t o  stress induced changes i n  t h e  energy band s t r u c t u r e  of t h e  material 
and i n  p a r t i c u l a r  t o  changes i n  t h e  band gap.6 
i n v e s t i g a t i o n s  have shown t h a t  t h e  reverse breakdown v o l t a g e  i n  S i  and 
G e  diodes i s  a l s o  stress s e n s i t i v e .  7 ' 8  
i s  found t o  be l i n e a r l y  r e l a t e d  t o  u n i a x i a l  compression stress, 
while  i n  G e ,  the  breakdown vo l t age  is  found t o  be  a more complex 
func t ion  of the stress. The stress c o e f f i c i e n t  i n  S i  is  approximately 
equal  t o  t h e  c o e f f i c i e n t  found f o r  band gap lowering under h y d r o s t a t i c  
pressure .  I n  G e ,  t h e  breakdown v o l t a g e  is  found t o  i n c r e a s e  and then  
t o  decrease  as stress inc reases .  
Recent experimental  
The breakdown v o l t a g e  i n  S i  
The purpose here  is  t o  d i s c u s s  t h e  e f f e c t s  of m u l t i p l e  energy bands 
on the  stress dependeace of breakdown and t o  e v a l u a t e  t h e  o r d e r  of 
magnitude of t hese  s t r e s s  induced changes i n  t h e  breakdown v o l t a g e  of 
G e  and S i  d iodes.  
Shockley ' s "Simple Model f o r  Secondary I o n i ~ a t i o n " ~  
changes i n  t h e  energy band s t r u c t u r e  of semiconductors .  
A t h e o r e t i c a l  d i s c u s s i o n  i s  g iven  which i s  based on 
and t h e  stress induced 
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11. THEORY 
A .  Simple Ion iza t ion  Model 
The i o n i z a t i o n  model to be discussed h e r e  f o r  t h e  uns t r e s sed  
j u n c t i o n  w a s  introduced by Shockley.' The model i s  empi r i ca l  i n  
t h a t  i t  involves  four-parameters ,  t h r e e  of which are a d j u s t a b l e .  It 
inc ludes  n e i t h e r  t h e  energy band s t r u c t u r e  f o r  e n e r g i e s  g r e a t e r  than  
1 r v  from the  band edges a o r  t h e  e f f e c t i v e  masses of ho t  carriers. 
However, t h e  model is  found t o  be  i n  reasonable  agreement wi th  
experiment.  
I n  t h e  uns t r e s sed  c r y s t a l ,  t h e  f o u r  parameters  of t h e  model 
are as fo l lows:  
ER = Energy of t h e  "Raman" v i b r a t i o n  mode. 
LR = Mean-free-path between s c a t t e r i n g  by "Raman" modes. 
Ei = Threshold energy measured from t h e  band edge above which 
a carrier may produce a hole-e lec t ron  p a i r .  
= Mean-free-path between i o n i z a t i o n s  f o r  a carrier wi th  Li 
energy g r e a t e r  than  E . i 
i Using t h e s e  parameters ,  an  e l e c t r o n  w i t h  energy g r e a t e r  than  E 
gene ra t e s  on t h e  average L . / L  
f i e l d  l i m i t ,  which h a s  been shown t o  be  v a l i d  f o r  G e  and S i ,  t h e  average 
phonons p e r  i o n i z a t i o n .  I n  t h e  low i R  
number of s c a t t e r i n g  events ,  C ,  p e r  i o n i z a t i o n  is  
Li 
LR 
C = - exp(Ei/qLRF) 
* 
where F i s  t h e  e l e c t r i c  f i e l d .  
t h e  f i e l d  by t h e  carrier p e r  i o n i z a t i o n  i s  then  
The average energy, Ei, gained from 
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or  
k 
E = a exp(b /F) ,  
i 
where a and b a re  c o n s t a n t s  of t h e  m a t e r i a l .  
The secondary m u l t i p l i c a t i o n  c o e f f i c i e n t ,  a(F), i s  
To extend t h e  model t o  a s t r e s s e d  semiconductor, t h e  e f f e c t s  of m u l t i p l e  
conduction and va lence  l e v e l s  on t h e  i o n i z a t i o n  p rocess  must b e  cons idered .  
B .  S t r a i n  Dependent I o n i z a t i o n  Theory 
Mechanical s t r a i n  has t h e  e f f e c t  of a l t e r i n g  t h e  energy band 
s t r u c t u r e  of semiconductors. The e f f e c t s  of s t r a i n  on t h e  conduction 
and va lence  band edge p o i n t s  f o r  G e  and S i  a r e  reviewed i n  Appendix A.  
Under a gene ra l  s t r a i n ,  t h e  va l ence  band edge n o t  on ly  s h i f t s  i n  energy, 
but a l s o  s p l i t s  i n t o  two l e v e l s .  The conduction band edge p o i n t s  a l s o  
s h i f t  i n  energy both r e l a t i v e  t o  t h e  va l ence  l e v e l s  and t o  each o t h e r .  
The n e t  r e s u l t s  are d i f f e r e n t  energy gaps depending on which va lence  
and conduction band edge p o i n t s  are used t o  c a l c u l a t e  t h e  gap. 
I n  t h e  uns t ressed  c r y s t a l ,  i t  i s  n o t  necessa ry  t o  know t h e  exac t  
dependance of t h e  i o n i z a t i o n  energy on t h e  energy band s t r u c t u r e  s i n c e  
t h i s  can be determined exper imenta l ly .  Shockley assumes t h a t  f o r  S i ,  
10911 however, f i n d  E .  i s  equa l  t o  t h e  band gap. Most i n v e s t i g a t o r s ,  9 
1 
a b e t t e r  f i t  of theory  t o  exper imenta l  d a t a  u s i n g  an Ei s l i g h t l y  
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l a r g e r  than  t h e  band gap. Th i s  is  p a r t i c u l a r l y  t r u e  i n  G e .  To - 
o b t a i n  t h e  numerical  r e s u l t s  f o r  the e f f e c t  of stress on breakdown 
vo l t age ,  a model which relates t h e  i o n i z a t i o n  energy t o  t h e  ene rg ie s  
of t h e  v a r i o u s  bands i s  r equ i r ed .  Such a model i s  d i scussed  i n  a 
l a t e r  sec t ion .  
assumptions about  t h e  i o n i z a t i o n  process  are s u f f i c i e n t .  
For t h e  p re sen t  genera l  development more gene ra l  
Consider e l e c t r o n  i o n i z a t i o n  f i rs t .  I n  t h i s  i o n i z a t i o n  process ,  
a hot  e l e c t r o n  i n  one of t he  conduction i i l i i l i ind  (<111> d i r e c t i o n  minima 
i n  G e  and < loo>  d i r e c t i o n  minima i n  S i )  e x c i t e s  an e l e c t r o n  from one 
of t h e  va lence  bands t o  one of t h e  conduction l e v e l s .  The r e s u l t  
being t h e  c r e a t i o n  of an  e lec t ron-hole  p a i r .  The i o n i z a t i o n  threshold  
energy is  t h e  minimum energy a t  which t h e  above process  can occur .  
This  energy i s  expected t o  depend upon t h e  shape of t h e  energy bands 
i n  which t h e  i o n i z i n g  e l e c t r o n  and t h e  c rea t ed  p a i r  are loca ted  as w e l l  
as t h e  band edge po in t  ene rg ie s  of t h e  va r ious  bands. I n  t h e  uns t ressed  
c r y s t a l ,  a l l  t h e  conduction minima are loca ted  a t  t h e  same energy s o  
t h e r e  can be only  two d i f f e r e n t  th reshold  energies--one a s s o c i a t e d  wi th  
t h e  heavy h o l e  band and one a s soc ia t ed  wi th  t h e  l i g h t  h o l e  band. 
a stress cond i t ion ,  t h e  conduction l e v e l s  are s p l i t  i n  energy and 
consequent ly  t h e  th re sho ld  energ ies  f o r  t h e  v a r i o u s  nondegenerate con- 
d u c t i o n  levels should be  d i f f e r e n t .  
With 
Here i t  i s  assumed t h a t  t h e  i o n i z a t i o n  th re sho ld  energy depends 
upon t h e  conduction l e v e l  i n  which t h e  i o n i z i n g  ho t  e l e c t r o n  is  
l o c a l e d  and t h e  va lence  l e v e l  i n  which t h e  c rea t ed  h o l e  i s  loca ted .  
Th i s  assumes t h a t  t h e  c r e a t e d  e l e c t r o n  i s  loca ted  e i t h e r  i n  t h e  same 
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ensrgy minimum as the hot electron or is located in the equivalent 
energy minimum in the opposite direction in k-space. This is a 
reasonable assumption, since crystal momentum can be more easily 
conserved in this process. 1 2  
An ionization threshold energy E can then be associated with nm 
each of the combinations of valence and conduction levels, where n 
denotes the conduction level and m denotes the valence level. There 
are six such combinations for Si and eight for Ge. Each of the ioni- 
zation processes may also have a different mean free path denoted by 
L .  nm 
It will be assumed here that L and E are not functions of stress, R R 
and that LR is the same for all the conduction band minima. 
Using the above definitions, the number of ionizations which 
leaves a hole in the valence level m and an electron in conduction 
level n per scattering event, is denoted by l/Cnm. From Eq. (1) this is 
exp (-Enm/qLRF) . LR 
nm Lnm 
= -  1 - 
C ( 5 )  
The total number of ionizations per scattering event is obtained by 
summing over the ionization processes for a hot electron in a given 
conduction minimum and then averaging over the conduction levels. In 
averaging over the conduction levels, l/Cnm must be multiplied by the 
fraction of hot electrons nhn/A nhn, in each conduction minimum. The 
average number of ionizations per scattering event is then 
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B Y L, ' K  
C n C exp(-Em/qLRF) 
1 n=l hn m=l m - =  
C B 
%n n= 1 
where y is the number of valence levels and 8 is the number of conduction 
levels. 
The evaluation nf  t h e  above formal expression requires an assump- 
tion on the distribution of hot electrons among the conduction levels. 
This distribution of hot electrons depends upon the importance of 
intervalley and intravalley scattering. If intervalley scattering is 
negligible, the conduction minima can be considered as independent of 
each other and 
where E is the band edge energy of the conduction level. This is 
just the equilibrium distribution of electrons among the valleys. On 
the other hand, if intervalley scattering is predominate, the electrons 
are more uniformly distributed among the levels because of the increased 
effective temperature of the hot electrons. 
model for ionization, the hot electrons in a given conduction minima 
are distributed in energy according to the relationship 
cn 
On the basis of Shockley's 
When intervalley scattering dominates, one would also expect this 
distribution to hold for electrons among the conduction levels and 
in this case 
To keep t h e  assumption more gene ra l ,  t h e  ho t  e l e c t r o n s  are assumed t o  
be d i s t r i b u t e d  among the  v a l l e y s  according t o  t h e  r e l a t i o n s h i p  
n a exp(-E /E1) hn cn 
where E equals  kT and qL F f o r  t h e  cases considered above. As i s  
subsequent ly  shown, t h e  low stress case and t h e  very  high stress case  
1 R 
1' are independent of t h e  choice  of E 
The t o t a l  number of i o n i z a t i o n s  per  s c a t t e r i n g  event  then  becomes 
Tne secondary m u l t i p l i c a t i o n  c o e f f i c i e n t  f o r  e l e c t r o n s  is then  
given by 
The va lue  of L i n  Eq. (12)  may be d i f f e r e n t  f o r  h o l e s  c rea t ed  
i n  t h e  lower valence l e v e l  as compared t o  h o l e s  c r e a t e d  i n  t h e  upper 
valence l e v e l .  One would a l s o  expect  L 
upon t h e  d i r e c t i o n  of t h e  app l i ed  f i e l d .  
nm 
t o  be s l i g h t l y  dependent 
For example, i f  t h e  app l i ed  
nm 
f i e l d  is  along a conduction v a l l e y  d i r e c t i o n ,  one expec t s  a smaller 
va lue  of L 
f i e l d  d i r e c t i o n  than f o r  t h e  o t h e r  energy minimum. 
f o r  an e l e c t r o n  c r e a t e d  i n  t h e  energy minimum a long  t h e  nm 
The d i f f e r e n c e  
between t h e s e  va lues  depends upon i n t e r v a l l e y  and i n t r a v a l l e y  s c a t t e r i n g  
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of hot e l e c t r o n s .  I f  t h e r e  i s  s u f f i c i e n t  s c a t t e r i n g  t o  produce 
e s s e n t i a l l y  a random d i s t r i b u t i o n  of t h e  ho t  e l e c t r o n s  both i n  
adamong t h e  conduction v a l l e y s ,  L 
a l l  v a l l e y s .  S u f f i c i e n t  information i s  n o t  a v a i l a b l e  t o  p e r m i t  a 
should be e s s e n t i a l l y  t h e  same f o r  nm 
d s t a i l e d  eva lua t ion  of t h i s  parameter.  It i s  a l s o  noted t h a t  L is 
a l i n e a r  f a c t o r  i n f luenc ing  a ( F ) ,  while  t h e  i o n i z a t i o n  energy E is  
exponen t i a l ly  r e l a t e d  t o  a (F ) .  Thus s m a l l  changes i n  E tend t o  be 
xore  important i n  determining a iF)  than m a l l  changes i n  L . It 
w i l l  t h e r e f o r e  be assumed t h a t  L is  t h e  same f o r  a l l  i o n i z a t i o n  pro- 
nm 
nm 
nm 
m 
nm 
cesses. This  assumption makes t h e  stress dependence of t h e  secondary 
m u l t i p l i c a t i o n  c o e f f i c i e n t  independent of t h e  d i r e c t i o n  of t h e  e l e c t r i c  
f i e l d .  
For G e  wi th  an e l e c t r i c  f i e l d  i n  t h e  [ loo ]  d i r e c t i o n ,  t h e  component 
of e lec t r ic  f i e l d  a long each of t h e  v a l l e y  d i r e c t i o n s  i s  t h e  same, and 
t h e  assumption of a cons t an t  L 
The assumption should be l eas t  v a l i d  f o r  a f i e l d  i n  t h e  (111) d i r e c t i o n s .  
f o r  a l l  t h e  v a l l e y s  should be v a l i d .  nm 
For S i ,  t h e  assumption should be most a c c u r a t e  f o r  a f i e l d  i n  t h e  [111] 
d i r e c t i o n  and leas t  a c c u r a t e  f o r  a f i e l d  i n  t h e  [ loo ]  d i r e c t i o n .  
Assuming t h a t  L is cons tan t ,  i t  can r e a d i l y  be  seen from Eq. (12)  nm 
by cons ider ing  t h e  uns t r e s sed  case  (E nm = Ei) t h a t  
L = yLi . nm 
Equat ion (12) becomes 
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This  i s  t h e  b a s i c  equat ion  used t o  d e s c r i b e  stress dependent v o l t a g e  
bre!akdown, when e l e c t r o n  i o n i z a t i o n  i s  t h e  dominant process .  
Although the  concepts  f o r  h o l e  i o n i z a t i o n  are similar t o  e l e c t r o n  
i o n i z a t i o n ,  t he re  are  important d i f f e r e n c e s  i n  t h e  d e t a i l s .  If t h e  
d i f f e r e n c e  i n  e f f e c t i v e  mass f o r  t h e  two h o l e  bands is  neglec ted  and 
t h e  i o n i z a t i o n  energy is assumed t o  depend only  upon t h e  band on which 
t h e  hot  ho le  e x i s t s  and upon t h e  conduction minimum t o  which t h e  
e l e c t i o n  is  exc i t ed ,  t h e  eva lua t ion  of h o l e  i o n i z a t i o n  is ve ry  similar 
t o  t h a t  f o r  e l e c t r o n  i o n i z a t i o n .  The d i f f e r e n c e  is  t h a t  t h e  average 
number of i o n i z a t i o n s  pe r  s c a t t e r i n g  event  is  obta ined  by summing over 
the  coilduction levels and averaging over t h e  va lence  levels.  This  
l e a d s  t o  the  express ion  
where E is  the energy of t h e  va lence  l e v e l s .  vm 
The l a r g e  d i f f e r e n c e  i n  d e n s i t y  of states o r  e f f e c t i v e  mass f o r  
t h e  two va lence  bands,  e s p e c i a l l y  i n  G e ,  makes t h e  n e g l e c t  of t h e s e  
d i f f e r e n c e s  i n  the above express ion  open t o  ques t ion .  There are ,  
however, f a c t o r s  which make t h e  above express ion  a b e t t e r  approximation 
than i t  would a t  f i r s t  appear .  F i r s t ,  t h e  average  energy of t h e  h o l e s  
i s  on t h e  order  o f  ER which is l a r g e r  than  t h e  thermal  energy and, f o r  
l a r g e  ene rg ie s ,  t he  d e n s i t y  of states f o r  t h e  two bands become more 
equal .  
l a r g e r  than  about 0.02 ev.13 For Ge the  energy is cons ide rab ly  l a r g e r .  
A second f a c t o r  f o r  unequal h o l e  masses i s  t h a t  LR i s  d i f f e r e n t  f o r  t h e  
I n  S i  the  d e n s i t y  of states are no t  t o o  d i f f e r e n t  f o r  e n e r g i e s  
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two bands. 
depmd upon t h e  mass as m-2.14 
d i f f e r e n c e  i n  t h e  d e n s i t y  of states of t h e  two bands. The compensating 
e f f e c t s  i n  t h e  two bands can be thought of i n  t h e  fol lowing manner. 
The ho le s  i n  t h e  " l i g h t "  ho le  band are more r a p i d l y  a c c e l e r a t e d  than 
the  "heavy" h o l e s  t o  ene rg ie s  s u f f i c i e n t  t o  produce o p t i c a l  phonons o r  
t o  produce i o n i z a t i o n s .  Thus, while t h e r e  are fewer h o l e s  i n  t h e  l i g h t  
ho le  band, they  undergo s c a t t e r i n g s  and produce i o n i z a t i o n s  a t  a f a s t e r  
ra te  which t ends  t o  produce some compensation. Here t h e  purpose is 
t o  d i s c u s s  t h e  major f e a t u r e s  of stress e f f e c t s  on breakdown so  t h a t  
t h e  s imple express ion  of Eq. (15) i s  s u f f i c i e n t .  
For a s i n g l e  s p h e r i c a l  energy band, LR has  been shown t o  
This p a r t i a l l y  compensates f o r  t h e  
C .  S t r a i n  Dependent Breakdown 
Zven when t h e  i o n i z a t i o n  c o e f f i c i e n t  i s  known, t h e  c a l c u l a t i o n  of 
t he  breakdown v o l t a g e  of a p-n junc t ion  i s  d i f f i c u l t ,  e s p e c i a l l y  when 
t h e  i o n i z a t i o n  c o e f f i c i e n t s  f o r  ho les  and e l e c t r o n s  are unequal.  
Inc luding  t h e  e f f e c t  of stress f u r t h e r  complicates  t h e  c a l c u l a t i o n .  A 
s impl i fy ing  approximation is  made t o  o b t a i n  a t r a c t a b l e  model. Because 
of t h e  exponent ia l  dependence of c1 upon 1 /F ,  t h e  major c o n t r i b u t i o n s  t o  
a come from t h e  d e p l e t i o n  reg ion  near  t h e  maximum f i e l d  po in t .  L e t  a 
' 
be t h e  va lue  of a a t  t h e  maximum f i e l d  p o i n t ,  and cons ider  t h e  e f f e c t  
of stress upon c1 . I f  t h e  maximum j u n c t i o n  f i e l d  i s  unchanged when 
stress i s  app l i ed  ( i . e .  i f  t h e  junc t ion  v o l t a g e  is unchanged), t h e  
i o n i z a t i o n  c o e f f i c i e n t  changes and hence t h e  c u r r e n t  m u l t i p l i c a t i o n  
f a c t o r  f o r  t h e  j u n c t i o n  changes. On t h e  o the r  hand, i f  a is t o  remain 
10 
m 
m 
m 
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cons tan t  under stress, the  maximum f i e l d  must change. The approximation 
which i s  made here  is t h a t  a t  a cons t an t  c u r r e n t  m u l t i p l i c a t i o n  f a c t o r  
f o r  t h e  j u n c t i o n ,  t h e  maximum j u n c t i o n  f i e l d  is  changed such t h a t  ci 
remains cons t an t .  
t he  corresponding development f o r  ho le  i o n i z a t i o n  is  similar. 
m 
The fol lowing development is  f o r  e l e c t r o n  i o n i z a t i o n ;  
To o b t a i n  the  change i n  maximum f i e l d  r equ i r ed  t o  keep am 
cons tan t ,  l e t  
Enm(a) = E .  1 + A E  nm ’ (16) 
and 
F = F  + A F ,  (17) 
0 
where E and F a r e  the  uns t r e s sed  va lues  and E (a) is t h e  stress 
dependent i o n i z a t i o n  energy. 
i 0 nm 
Then f o r  e l e c t r o n  i o n i z a t i o n  neg lec t ing  
second order  e f f e c t s ,  
AF LR 
(1 + --) - exp[-Ei(l  - AF/Fo)/qLRFo] qFO m ER Fo YLi cc (Fo + AF) = -
n m  C exp(-AEcn/E1 - AEnm/qLRFo) 
n C exp(-AE cn /E1) 
X 
By equat ing  t h i s  t o  t h e  uns t r e s sed  v a l u e  of am(Fo), i t  is found t h a t  
C C exp(-AEcn/E1 - AEnm/qLRFo) 
n C exp (-AEcn/E1) (19) 
2 n m  1 = (1 + F) 0 $ exp(EiAF/qLRFo) 
This  express ion  r e l a t e s  t h e  change i n  t h e  maximum j u n c t i o n  e lectr ic  
f i e l d  t o  t h e  stress induced changes i n  t h e  energy l e v e l s .  
To o b t a i n  t h e  change i n  j u n c t i o n  v o l t a g e  a t  a cons t an t  c u r r e n t  
m u l t i p l i c a t i o n  f a c t o r ,  t h e  change i n  maximum j u n c t i o n  f i e l d  must be 
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r s l a t e d  t o  t h e  j u n c t i o n  vo l t age .  
t o  f o r  a s t e p  junc t ion .15  Thus f o r  small changes 
The maximum f i e l d  i s  p ropor t iona l  
- x 2 -  AV AF 
vB Fo 
where V 
For most p-n j u n c t i o n s ,  t h e  s t e p  junc t ion  approximation i s  reasonably 
a c c u r a t e  a t  l a r g e  r e v e r s e  b i a s .  
is  t h e  uns t r e s sed  breakdown v o l t a g e  a t  a cons t an t  c u r r e n t  level.  B 
For small changes i n  t h e  breakdown v o l t a g e  (AV/VB << 11, Eq. (19) 
can be  so lved  f o r  t h e  change i n  breakdown v o l t a g e  t o  g i v e  
For ho le  i o n i z a t i o n  a similar development l e a d s  t o  
I n  t h e  low stress reg ion  (AE /qL F << 1 and E /E1 << l), t h e  
equa t ions  f o r  both e l e c t r o n  and hole  i o n i z a t i o n  s i m p l i f y  t o  
nm R o cn  
I n  t h i s  l i m i t ,  t h e  f a c t o r  ( l / yB)  C AEnm i s  t h e  
changes i n  t h e  i o n i z a t i o n  threshold ene rg ie s .  
nfm AEnm* 
simple average of t h e  
To c a r r y  t h e  development f u r t h e r  and o b t a i n  numerical  r e s u l t s  
r e q u i r e s  a model f o r  t h e  changes i n  t h e  i o n i z a t i o n  threshold  ene rg ie s  
w i t h  stress. One assumption i s  t h a t  t h e  i o n i z a t i o n  threshold  energy 
€316 
is  equal  t o  t h e  band gap. This  i m p l i e s  t h a t  momentum i s  supp l i ed  by 
phonons. 
must have both enough energy t o  create t h e  hole-e lec t ron  p a i r  (E ) and 
g 
a l s o  enough excess energy to conserve both momentum and energy between 
t h e  s i n g l e  inc iden t  par t ic le  and t h e  t h r e e  f i n a l  p a r t i c l e s .  For a 
d i r e c t  band gap material t h e  minimum energy i s  r e a d i l y  found t o  be  
3E / 2 .  For an i n d i r e c t  band gap material such as G e  and S i ,  i t  h a s  
r e c e n t l y  been shown12 t h a t  a cons ide ra t ion  of energy and c r y s t a l  
momentum conserva t ion  l e a d s  t o  an express ion  of t h e  form 
Neglecting phonon a s s i s t e d  processes  t h e  i o n i z i n g  e l e c t r o n  
g 
where k and k2 are cons t an t s  depending i n  r a t h e r  complex ways on t h e  
e f f e c t i v e  masses of t h e  t h r e e  p a r t i c l e s .  The e f f e c t i v e  masses en te r -  
ing i n t o  k 
t h e  masses which give t h e  b e s t  f i t  t o  t h e  energy bands over  t h e  energy 
range from ze ro  t o  t h e  i o n i z a t i o n  energy. 
i o n i z a t i o n  threshold  energy between a conduct ion l e v e l  and a va lence  
l e v e l  i s  
1 
and k2 are  no t  t h e  band edge e f f e c t i v e  masses, bu t  are 1 
Based upon t h i s  model, t h e  
This  i s  t h e  model used i n  t h i s  work t o  relate t h e  band s t r u c t u r e  t o  t h e  
i o n i z a t i o n  energy. 
S t r e s s  can have two e f f e c t s  on E as de f ined  above through 
nm 
changes i n  t h e  energy levels (E - E ) and through changes i n  t h e  
shape (o r  e f f e c t i v e  mass) of t h e  energy levels which r e s u l t s  i n  changes 
i n  kl and k2. 
c n  vm 
The e f f e c t  of stress on t h e  band edge energy leve ls  i s  
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linown but  t h e  e f f e c t  of stress on the e f f e c t i v e  m a s s  of t h e  bands 
e s p e c i a l l y  a t  l a r g e  ene rg ie s  has  not  been as thoroughly i n v e s t i g a t e d .  
Some work has  been done on t h e  e f f e c t i v e  masses nea r  t h e  band edges,  
bu t  t h e  e f f e c t i v e  mass a t  l a r g e  energ ies  probably changes less than  
nea r  t h e  band edges,  e s p e c i a l l y  f o r  t h e  h o l e  bands. Near t h e  band 
edges t h e r e  i s  no f i r s t  o rder  change i n  t h e  e f f e c t i v e  mass wi th  stress 
f o r  e l e c t r o n s .  l6’I7 A l s o  under compression stress i n  t h e  [ l o o ]  and 
[111] d i r e c t i o n s  t h e r e  i s  no f i r s t  o rde r  change i n  t h e  e f f e c t i v e  mass 
of t h e  lower va lence  level.18 Based upon t h e  above f a c t s ,  k and k2 
have been taken as independent of stress f o r  our  f i r s t  o rde r  model and 
1 
t h e  changes i n  i o n i z a t i o n  energy a r e  taken t o  be 
AE nm = k2(AEcn - AEm). (26) 
For equal  ho le  and e l e c t r o n  masses, k is  0.59 f o r  e l e c t r o n  i o n i z a t i o n  
i n  G e  and 0.63 f o r  ho le  i o n i z a t i o n  i n  G e  and f o r  both e l e c t r o n  and ho le  
i o n i z a t i o n  i n  S i .  
2 
1 2  
Using t h e  above model f o r  i o n i z a t i o n ,  t h e  change i n  breakdown 
v o l t a g e  a t  low stress i s  given from Eq. 24 as 
Y (27) 
2k2KP qLRFo) -1 (1 + -- AV - -
vB Ei Ei 
where K i s  t h e  c o e f f i c i e n t  r e l a t i n g  t h e  change i n  band gap t o  h y d r o s t a t i c  
p r e s s u r e  and P i s  t h e  h y d r o s t a t i c  component of stress. 
Typica l  va lues  of t h e  parameters i n  E q .  (27) are l i s t e d  i n  Table  I. 
Using t h e s e  v a l u e s ,  Eq.  (27)  reduces t o  
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TABLE I: Typical Values of K, Fo' L R and Ei in Ge and Si 
LR(AO 1 E i W  K(10-12ev cm 2 /dyne) Fo(10 5 volts/cm) 
a Si -1.5 
Ge 5.0e 
gb 50-70d 1.3f 'g 
0.82' 65 l.Of, 0.93g 
a .  W. Paul and G. L. Pearson, Phys. Rev., 98, 1755 (1955). 
b. Ref. 9 
c. R. Yee, J. Murphy, A. D. Kurtz, and H. Bernstein, J. Appl.  
Phys. 30, 596 (1959). 
d. Ref. 10 
e. P. W. Bridgman, Proc. Am. Acad. Arts Sci. 79, 129 (1951). 
f. Values calculated for electron ionization, Ref. 12. 
g. Values calculated for hole ionization, Ref. 12. 
I31 9 
S i :  - AV - -1.2 x 10-12P c m  2 /dyne , 
vB 
G e :  = 6.0 x 1O-I2P cm 2 /dyne. 
vB 
A s  can be seen from E q .  (27), a t  l o w  stress l e v e l s ,  AV/V, is  
independent of stress o r i e n t a t i o n  s i n c e  only t h e  h y d r o s t a t i c  component 
of stress remains i n  t h e  express ions .  It is  s i g n i f i c a n t  t h a t  a t  low 
stress l e v e l s ,  AV/V, has an oppos i te  s i g n  f o r  G e  and S i .  
l3 
Returning t o  Eq. ( 2 2 ) ,  i t  i s  seen t h a t  i n  t h e  high stress case, 
t h e  minimum conduction l e v e l  and the  maximum valence  l e v e l  w i l l  pre-  
doininate, i . e . ,  t h e  AE with t h e  l a r g e s t  nega t ive  va lue .  The 
corresponding AE i s  negat ive .  In  gene ra l  f o r  u n i a x i a l  compression 
stresses a t  l eas t  one of the  AE ' s  w i l l  be  nega t ive  f o r  both G e  and 
S i .  Therefore ,  f o r  h igh  stresses, AV/V decreases  f o r  both materials, 
nm 
cn 
nm 
13 
and i s  independent of t h e  va lue  of E Th i s  i s  t r u e  f o r  bo th  e l e c t r o n  
and ho le  i o n i z a t i o n .  
I' 
For a given va lue  of t h e  r a t i o  E /qL F t h e  change i n  breakdown 1 R 0' 
v o l t a g e  under stress can be c a l c u l a t e d  from Eqs. (21) and (22)  f o r  
e l e c t r o n  and h o l e  i o n i z a t i o n  r e spec t ive ly .  To account f o r  t h e  increased  
e f f e c t i v e  temperature  of t h e  carriers i n  t h e  h igh  f i e l d ,  t h e  va lue  
E = qL F has  been used i n  most of t h e  c a l c u l a t i o n s .  The fol lowing 
deformation p o t e n t i a l s  were used i n  eva lua t ing  t h e  s h i f t s  i n  t h e  energy. 
1 X O  
levels (see Appendix A ) :  
B2 0 
G e  S i  
D = 3.15 
D/ = 6.06 
U 
U 
E = 19.2 
U 
- (zd + E /3) = 4.82 
Dd U 
D = 2.04 
U 
D /  = 2.68 
U 
- 
c = 11 
U 
Dd - (Sd + EU/3) - 1 . 4 4  
The c a l c u l a t e d  changes i n  breakdown v o l t a g e  i n  G e  wi th  stress f o r  
e l e c t r o n  and hole  i o n i z a t i o n  are shown i n  F igs .  1 and 2 f o r  u n i a x i a l  
stresses i n  t h e  [ l o o ] ,  [ill], and [110] d i r e c t i o n s .  The curves  are 
p l o t t e d  i n  terms of a normalized stress and a normalized v o l t a g e  change 
given by t h e  express ions  
u I= (Eg/qLRFo) u , 
Ei AV AV/-  L 
vB 2 qLRFo 'B 
(1 f-) - . - -  
The curves i l l u s t r a t e  t h e  i n c r e a s e  i n  breakdown v o l t a g e  i n  G e  a t  l o w  
stresses, independent of t h e  stress o r i e n t a t i o n ,  and t h e  decrease  i n  
breakdown vo l t age  a t  l a r g e  stress va lues .  It i s  a l s o  noted  t h a t  f o r  
e l e c t r o n  i o n i z a t i o n ,  t h e  changes f o r  t h e  [ loo ]  d i r e c t i o n  r e q u i r e  
approximately an order  of magnitude l a r g e r  stress than  t h e  o t h e r  two 
d i r e c t i o n s .  
A comparison of t h e  t h e o r e t i c a l  changes ( f o r  e l e c t r o n  i o n i z a t i o n )  
i n  breakdown vo l t age  f o r  two va lues  of E are shown i n  Fig.  3 .  The 
two va lues  of E 
1 
a r e  kTand qLRFo. It i s  r e c a l l e d  t h a t  t h e  v a l u e  kT 1 
corresponds t o  completely i s o l a t e d  conduction minima wi th  no i n t e r v a l l e y  
s c a t t e r i n g .  The two cases  are seen t o  have t h e  same gene ra l  behavior  
f o r  t h e  two va lues  of qL F shown. R o  
S i m i l a r  curves  t o  those  i n  Figs .  1 and 2 can be obta ined  f o r  S i .  
In  t h i s  case, however, t h e r e  i s  only a decrease  i n  breakdown v o l t a g e  
a t  both l o w  and h igh  stress. It can a l s o  be seen from Table I ,  t h a t  
t h e  normal iza t ion  f a c t o r  (E /qL  F ) has  t h e  t y p i c a l  va lue  of 1 2 . 2  f o r  
G e  and 3 . 4  f o r  S i .  This means tnar; r;& i v w  at1255 approximatien is 
g R o  
v a l i d  t o  h igher  stress l e v e l s  i n  S i  than i n  G e .  I n  f a c t  f o r  p r a c t i c a l  
stress va lues  (va lues  up t o  10 dynes/cm ) t h e  low stress approxima- 
t i o n  is  v a l i d .  
10 2 
111. COMPARISON WITH EXPERIMENT 
The theory developed i n  t h e  preceeding s e c t i o n s  g ives  t h e  change 
i n  t h e  j u n c t i o n  breakdown v o l t a g e  as a func t ion  of stress f o r  a 
cons t an t  m u l t i p l i c a t i o n  f a c t o r .  When making measurements on p r a c t i c a l  
dev ices ,  one measures t h e  appl ied  v o l t a g e  which d i f f e r s  from t h e  j u n c t i o n  
v o l t a g e  by t h e  b u i l t - i n  p o t e n t i a l .  
p o t e n t i a l  i s  d iscussed  i n  Appendix B .  
l a r g e  (>lo v o l t s ) ,  then the  changes i n  the  b u i l t - i n  p o t e n t i a l  can be  
neg lec t ed  compared t o  changes i n  t h e  j u n c t i o n  vo l t age .  
When comparing experiment t o  t h e  present  t heo ry ,  one must keep i n  
The e f f e c t  of stress on t h e  b u i l t - i n  
It i s  shown t h e r e  t h a t  i f  VB is 
mind t h a t  t he  v o l t a g e  must be measured a t  a cons t an t  m u l t i p l i c a t i o n  
f a c t o r .  The v o l t a g e s  cannot be  measured a t  a cons t an t  c u r r e n t  l eve l  
u n l e s s  t h e  cons t an t  c u r r e n t  l e v e l  i s  s e v e r a l  o r d e r s  of magnitude above 
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t h e  s a t u r a t i o n  cu r ren t .  The reason t h i s  i s  necessary  is  t h a t  t h e  
s a t u r a t i o n  cu r ren t  i s  a l s o  stress s e n s i t i v e .  The m u l t i p l i c a t i o n  f a c t o r ,  
M i s  r e l a t e d  approximately t o  the  appl ied  v o l t a g e ,  VA, by 19 
where n i s  a cons tan t  f o r  t h e  device.  The diode c u r r e n t ,  I ,  i s  g iven  by 
I = I S M  , (32) 
where I is t h e  r eve r se  s a t u r a t i o n  c u r r e n t .  Combining E q s .  (30) and (31) 
g ives  
S 
VA = VB(l - f s / I )  1 / n  
I f  x >> 1, 
I 1 s  VA = VB(l - ; 7) . 
(33) 
Neglect ing second o rde r  t e r m s ,  t he  r e l a t i v e  change i n  t h e  app l i ed  
vol tage  a t  cons tan t  c u r r e n t  is 
( 3 4 )  
The change i n  app l i ed  j u n c t i o n  vo l t age  i s  then  less than  t h e  
change i n  t h e  breakdown v o l t a g e  by t h e  f a c t o r  VBAIs/nI. 
on ly  i f  n I  i s  l a r g e  compared w i t h  A I s .  
eva lua ted  from an  experimental  p l o t  of c u r r e n t  v e r s u s  v o l t a g e  as a 
func t ion  of stress i f  AI is known as a func t ion  of stress. For a 
uniformly s t r e s s e d  j u n c t i o n  in which t h e  t o t a l  j u n c t i o n  area is s t r e s s e d ,  
This i s  n e g l i g i b l e  
Using Eq. (35), AV/V, can b e  
s 
A I s / I s o  i s  given by 6 
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where I i s  t h e  uns t ressed  s a t u r a t i o n  c u r r e n t .  Th i s  g ives  t h e  
fol lowing express ion  f o r  AV /V 
so 
A B  
- x  - _  "A AV ( f ( a )  - 1) 
'B 'B nMO 
Y (37 )  
where M i s  t h e  m u l t i p l i c a t i o n  f a c t o r  between t h e  uns t r e s sed  s a t u r a t i o n  
c u r r e n t  and t h e  cu r ren t  a t  which V i s  measured. 
0 
A 
I n  S i ,  i t  has  been found exper imenta l ly  t h a t  u n i a x i a l  compression 
stress causes  a l i n e a r  decrease  i n  AV / V  by t h e  f a c t o r  7Y8 A B  
- AvA 
~, (-1 x 10-12cm2/dyne) CI , 
B V 
where u i s  t h e  magnitude of t h e  un iax ia l  stress. The t h e o r e t i c a l  
p roporc iona l i t y  cons tan t  i s  -0 .4  x 10-12cm2/dyne from E q .  (28) where 
0 = P/3 .  
-1.5 x 1O-I2ev c m  /dyne f o r  t h e  h y d r o s t a t i c  p re s su re  dependance of 
The t h e o r e t i c a l  va lue  was c a l c u l a t e d  us ing  t h e  va lue  
2 
t h e  band gap. Although t h i s  va lue  i s  normally used, t h e r e  is  some 
v a r i a t i o n  i n  i t  depending on t h e  method of measurement and t h e  stress 
l e v e l .  
dependant and a t  h igh  stress l e v e l s ,  i t  is  approximately 
-2 .5  x 1O-I2ev c m  /dyne.21 
I n  f a c t ,  i t  has  been shown t h a t  t h e  c o e f f i c i e n t  i s  stress 20 
2 Using t h e  l a t t e r  va lue  g i v e s  a propor- 
-12 2 
t i o n a l i t y  cons t an t  i n  Eq.  (28) of approximately -0.67 x 10 c m  /dyne. 
A s  p red ic t ed  by t h e  theory ,  very  l i t t l e  i f  any v a r i a t i o n  i n  t h e  
7 $ 8  phenomenon wi th  c r y s t a l  o r i e n t a t i o n  i s  seen exper imenta l ly  i n  S i .  
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Pre l iminary  measurements on breakdown vo l t age  changes wi th  h y d r o s t a t i c  
p re s su re  have given resu l t s  which were a n  o r d e r  o f  magnitude smaller 
than  those  f o r  un iax ia l  stress. The p resen t  theory p r e d i c t s  t h a t  
t h e  vo l t age  changes induced by h y d r o s t a t i c  p re s su re  should be t h r e e  
t i m e s  those  o f  un iax ia l  s t r e s s e s ,  A t  t h e  present  t i m e ,  t h e r e  i s  no 
explanat ion f o r  t hese  r e s u l t s .  
8 
Rindner has made measurements of  t h e  breakdown vo l t age  change 
as a func t ion  of u n i a x i a l  stress i n  G e   diode^.^ 
p o i n t s  i n  F ig .  4 are t h e  r e s u l t s  he obta ined  from a [ l l O ]  and a [ loo]  
un iax ia l  stress, The s o l i d  curves  i n  t h e  f i g u r e  were c a l c u l a t e d  us ing  
t h e  theory f o r  hole  i o n i z a t i o n .  
used because the  secondary m u l t i p l i c a t i o n  f a c t o r  f o r  ho le s  i s  l a r g e r  
i n  G e .  
parameter i n  f i t t i n g  t h e  theory t o  experiment.  The va lues  needed to  
f i t  t h e  experimental  da t a  are approximately 8.5 and 16 f o r  t h e  [110] 
and [ loo ]  d i r e c t i o n s  r e s p e c t i v e l y ,  These va lues  are  i n  good agreement 
wi th  t h e  va lue  of 12.6 c a l c u l a t e d  from t h e  d a t a  i n  Table I .  Attempts 
t o  f i t  t h e  theory t o  publ ished experimental  d a t a  taken f o r  [lll] o r i e n t e d  
un iax ia l  stress7 have been less success fu l .  
t h e  da t a  can a l s o  be  made t o  ag ree  w i t h  t h e  theory  f o r  e l e c t r o n  ion iza-  
t i o n  by a s u i t a b l e  choice o f  LRFo. For t h e  [ loo ]  d i r e c t i o n ,  however, 
an unreasonably small va lue  of  L F is r equ i r ed  t o  produce a good f i t  
t o  t h e  da ta .  It is  d i f f i c u l t  t o  draw too many conclusions from t h e s e  
comparisons without knowing t h e  r e p e a t a b i l i t y  of  t h e  experimental  
r e s u l t s  and t h e  condi t ions  under which t h e  d a t a  was ob ta ined .  AS 
The experimental  
The ho le  i o n i z a t i o n  curves were 
The normalizing f a c t o r  E /qLRFo was considered as a n  a d j u s t a b l e  
g 
It should be noted t h a t  
R o  
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shown in Fig. 4 ,  the experimental results and theoretical curves 
deviate from each other for low stress levels. This could result 
from nonuniform breakdown in the junction due to microplasma and 
surface effects. 
V. DISCUSSION 
The theoretical model for stress induced changes in breakdown 
voltage is in generally good agreement with experiment. In view of 
the simple model used for breakdown and the assumptions necessary to 
arrive at an analytical expression for the effect, it is surprising 
that the theory agrees as well as it does. The fact that the theory 
predicts an orientation dependance in Ge but no such dependance in 
Si in agreement with the experimental observations, lends considerable 
support to the theory. 
Care must be exercised when comparing the theory to experiment 
since most practical devices do not exhibit uniform breakdown. Also, 
it is difficult to determine what percentage of the multiplication 
factor results from hole ionization as compared to electron ionization. 
These factors are necessary to make accurate comparison between theory 
and experiment. 
was based on the assumption that the ionization energy is that of holes. 
The comparison for Ge made in the preceeding section 
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APPENDIX A 
Both Ge and Si have multiple conduction minima in k-space. Ge has 
eight such minima which lie in the c111> direction and are located at 
the L point in k-space while silicon has six conduction minima which 1 
occur in the d O O >  direction and are located approximately 85% of the 
distance from k = (000) to the X symmetry point. The maximum valence 
levels, ri5, for both Ge and Si are located at k = (000). 
is degenerate in energy. If the crystal is mechanically deformed, the 
1 
The ri5 level 
crystal symmetry and the lattice spacings are altered and hence the 
energy bands change. 
Herring and Vogthave considered the effect of mechanical strain 
on the conduction minima in both Ge and Si. 22 The results of their 
work are summarized in Table 11. The valley directions are identified 
by the subscripts on the conduction energy level changes AEc's. The 
2 ' s  are deformation potential constants and the e's are conventional 
strains. Table I11 lists some of the values of the deformation 
potential constants. The values appearing in brackets are theoretical 
values calculated by Kleinman, et al. 23-25 
The effects of mechanical strain on the valence levels of Ge and 
Si are much more complicated than the effects on the conduction levels. 
Kleiner and Roth have considered the effects of strain on the Hamiltonian 
of the valence band edge. 26 Diagonalizing their expression for the 
Hamiltonian gives the following expression for the change in energy of 
the valence level 27 
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2 2 2 AE = Dde & [ ( ~ D ~ ) ~ ( e i  +  + e - e e - e e - e e ) 2 3  1 2  1 3  2 3  
Tne D’s appearing in the above expression are the valence band deforma- 
tion potential constants. From E q .  ( A l ) ,  it is seen that there is not 
only  a shift of the level due to Dd, but also a splitting of the level 
d u e  to D and D’ which removes the degeneracy. For convenience of 
notation, let the upper band, positive sign of E q .  (Al), be AEV1 and 
the lower band, negative sign, be AEV2. 
u U’ 
B2 8 
TABLE 11. Equations desc r ib ing  the  change i n  t h e  band edge p o i n t s  i n  
the  conduction band of G e  and S i  as a func t ion  os s t r a i n .  
Val l e y  
Direct ion  
Band Edge Energy 
G e  
[ i n ] ,  [iiij AEcl (Ed + BU/3)e + B ,,(e4 + e5 + e 6 ) / 6  
( f d  + 
( E  + /3)e + H (-e4 + e - e6) /6  
(Ed + EU/3)e + B (-e4 - e + e6) /6  
/3 )e  + Bu(e4 - e5 - e 6 ) / 6  [iii], [ i l l ]  AEc2 -U 
[ i i i l ,  [ill] ' AEc3 d u  U 5 
[iii], [IT11 AEc4 U 5 
[ i o o ] ,  [iooi AEcl 
[ o i o ] ,  [ o i o ]  AEc2 
[ o o i ] ,  [ o o i ]  AEc3 
s i  
- zde + BUe 
cde + Eue2 
zde + 
- 
- 
=ue3 
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TABLE 111. Deformation Potential Coefficients (ev/unit dilation) for 
Ge and Si. (Kleinman's theoretical values are shown in 
brackets.) 
Coefficient Si Ge 
[-2.091 [ -2.091 Dd . 
D U 2.04a, [3.74] 3.15b, [3.74] 
D' U 2.68a, [4.23] 6.06 , [3.6] 
-d 
b 
I - [ -4.991 [-10.161 
- I 1lC, 8.3d, [+9.6] 19,2e, E11.41 
2' - 5 9  
U 
U 
-1.44g, [-0.303 4.82g, [4.27] 1 3 -u Dd - (Ed + -  ) 
a. J. C. Hensel and G. Feher, Phys. Rev. 129, 1041 (1963). 
b. J. J. Hall, Phys. Rev. 128, 68 (1962). 
c. D. K. Wilson and G. Feher, Phys. Rev. 2, 1968 (1961). 
d. J. E. Aubrey, W. Gubler, T. Henningsen and S. H. Koenig, 
Phys. Rev. 130, 1667 (1963). 
e .  H. Fritzche, Phys. Rev. 
f. J. C. Hensel and H. Hasegawa, paper presented at the Inter- 
national Conference on the Physics of Semiconductors, Paris, July 1964, 
and private communications. 
g. W. Paul, J. Phys. Chem. Solids 8, 196 (1959). 
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I 
where V i s  t h e  junc t ion  v o l t a g e ,  V 
t h e  b u i l t - i n  vol tage .  
vo l t age ,  bu t  i t  a l s o  can change t h e  b u i l t - i n  vo l t age .  
change i n  t h e  appl ied  vo l t age  a t  breakdown i s  
is  t h e  app l i ed  v o l t a g e ,  and Vo is A 
I 
Mechanical stress no t  only changes t h e  j u n c t i o n  
The re la t ive 
APPENDIX B: E f fec t  of Stress on Vo. 
The app l i ed  vo l t age  d i f f e r s  from t h e  j u n c t i o n  v o l t a g e  i n  reversed  
b i a sed  j u n c t i o n s  by t h e  b u i l t - i n  p o t e n t i a l ,  i .e .  
The b u i l t - i n  vol tage  f o r  a s t e p  j u n c t i o n  i s  
kT 
q 
Vo 5: - Qn (- 
i n 
when NA and N 
n s i d e  of t h e  junc t ion  r e s p e c t i v e l y  and n 
concen t r a t ion  (n - pn).  
are t h e  accep to r  and donar concen t r a t ions  on t h e  p and 
i 
D 
i s  t h e  i n t r i n s i c  carrier 
2 
i 
Wortman, Hauser, and Burger have t r e a t e d  t h e  e f f e c t  of stress on 
p and n.6 Using t h e i r  r e s u l t s  and forming t h e  pn product  g i v e s  
0 4 )  
2 
i 0 0  n = pn = p n f ( a >  , 
when p n i s  t h e  uns t r e s sed  i n t r i n s i c  carrier concen t r a t ion .  
f ( a )  i s  g iven  by 
The f a c t o r  
0 0  
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1 AEcn - 
f ( a )  = - YB c exp( kT 
The change i n  V divided by V becomes 
0 B 
= - -  kT Qn f ( a ) .  0 
AV -
vB 4"B 
A t  room temperature qL F /E i s  approximately equal  t o  kT f o r  G e  so t h a t  
R o  g 
Ei AV - = 4 - -  
vB qvB 'B 
Therefore ,  f o r  G e ,  i f  V 
neglec ted  compared t o  AV/VB. 
i s  l a r g e r  than  s e v e r a l  v o l t s ,  AV /VB can be B 0 
I n  S i ,  qLRFo i s  approximately 10 kT so t h a t ,  except  f o r  h y d r o s t a t i c  
stresses, t h e  exponent ia l  terms w i l l  c o n t r i b u t e  t o  t h e  b u i l t - i n  poten- 
t i a l  a t  a lower stress l e v e l  than they do f o r  t h e  j u n c t i o n  vol tage .  
Therefore ,  i f  V i s  n o t  l a rge ,  t he  change i n  t h e  b u i l t - i n  p o t e n t i a l  can 
reduce t h e  change i n  t h e  appl ied  vol tage .  
o r d e r  of one v o l t ,  t h e  b u i l t - i n  p o t e n t i a l  change can dominate t h e  appl ied  
v o l t a g e  change. 
B 
I n  f a c t ,  i f  VB i s  on t h e  
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Figure 1. Theoretical values of AV//V, as a function of a /  for electrons 
with stress in the [ loo ] ,  [Oll], [111] directions in germanium. 
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Figure  2. Theore t i ca l  va lues  of A V / / V  as a func t ion  of a / f o r  ho les  B 
with  stress i n  t h e  [ l o o ] ,  [ O l l ] ,  [ill] d i r e c t i o n s  i n  germanium. 
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Figure 3. Comparison of electron breakdown in germanium for two values 
of El (stress in [lll] direction). 
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Figure  4 .  Change i n  breakdown v o l t a g e  as a func t ion  of stress i n  
germanium diodes.  The s o l i d  l i n e s  are ca l cu la t ed  va lues  and 
t h e  d a t a  po in t s  a r e  experimental  va lues  repor ted  by Rindner.7 
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Effect of Mechanical Stress on p-n Junction Device Characteristics 11. 
Generation-Recombination Current 
* 
J. J. Wortman and J. R. Hauser 
Research Triangle Institute, Durham, North Carolina 
A theoretical model is developed for the effects of stress 
on generation-recombination currents in p-n junctions. The 
model is based on stress induced changes in the energy band 
structure of the semiconductor and energy changes of the generation- 
recombination centers. Experimental data taken on silicon mesa 
diodes are presented which is in good agreement with the theory. 
, 
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I. INTRODUCTION 
Two basic models have been postulated which attempt to explain stress 
induced changes in the current-voltage characteristics of p-n junctions. 
The first of the models suggests the existance of reversible stress induced 
generation-recombination centers. ''* 
stress induced changes in the energy band structure of the material is 
responsible for the ulservcd phenmennn. The latter model is discussed 
in the first paper3 (hereafter called I) for the case of the "ideal" or 
Shockley current in p-n junctions. 
found to agree well with experimental results provided the junction 
current is of the "ideal" type. 
The second model proposes that 
The analysis presented in I has been 
4 
In silicon diodes, the junction current is often dominated by 
generation-recombination currents. This is particularly true for reverse 
biases and low forward biases. The presence of only generation-recombination 
currents is some experimental devices and the presence of both the ''ideal'' 
and generation-recombination currents in other devices complicate the 
explanation of the observed effects of stress on the I-V characteristics. 
A further complication arises when a device is stressed to the point 
where dislocations (non-reversible) are introduced. 
The bulk generation-recombination current in p-n junctions is 
determined by the density of trapping centers, the trapping cross section 
and their energy level relative to the conduction and valence levels. 
It is the purpose of this paper to show that generation-recombination 
current is altered by stress through changes induced in the energy band 
structure of the semiconductor and the energy of the trap levels. Many 
C6 
of the observations which have been attributed to the creation of 
reversible trap centers are explained by the model which is presented 
in the following discussion. 
11. MODEL 
The Shockley-Read-Hall theory5 y 6  for the generation-recombination 
process of single energy trap-centers is used. An expression has been 
given by Sah, et a1.,7 for the current resulting from generation- 
recombination centers in a p-n junction. This expression must be 
solved by numerical means. One of the authors (JRH) has developed 8 
an approximate expression for the current which is easier to manipulate 
and is adequate for the present purposes. This approximation is 
where W is junction width, A is junction area, T~~ (T 
of electrons (holes) injected into highly p-type (n-type) material, 
pl(nl) is the density of holes in the valence (conduction) band when the 
Fermi energy falls at the trap energy. 
) is the lifetime 
PO 
The parameters in Eq. (1) which are subject to change with stress 
are n T T ply nl, and W. For the present purposes, it will be i’ PO’ no’ 
assumed that T and T are not functions of stress--at least in the 
range where reversible stress induced current changes are observed. 
PO no 
It 
is well known that large stress can introduce dislocation which may 
result in trap centers and consequently decreased lifetimes. It is 
likely, however, at room temperature that most of these centers permanently 
c7 
remain in the crystal or if they change, they have a long time constant. 
Implied in the assumption that T~~ and T 
that the capture cross section is stress independent. 
are constant is the assumption 
PO 
i' The effect of stress on the intrinsic carrier concentration, n 
can be determined by considering the effects of stress on the energy band 
structure. 2 Since ni - pn, it is seen by forming this product from 
There y, [Eq. (9) of I] gives 2 2  Eqs. (4) and (6) of I that ni = nio y,. 
the stress depetdance and n 
tration. 
is the unstressed intrinsic carrier concen- io 
At high stress levels y, is related to stress as follows: 
where C1 and C2 depend on the material and stress orientation and u is 
the magnitude of the applied stress. 
The width of the space charge region, W, is a function of the 
junction voltage. For a step junction, the width is 
where Vo is the built-in junction potential. 
is related to the intrinsic carrier density by 
For a step junction, V 
0 
vo = ln(NaNd/n:) , (4) 
where Na(Nd) is the acceptor (donor) density on the p(n) side of the 
junction. Since Vo is logarithmically related to changes in ni, the 
influence of changes in V 
comparison with changes in ni. 
2 
on W and hence the current will be small in 
0 
5 
This leaves only p1 and n1 to be discussed. These are given by 
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and 
n1 = n exp(Ei - Et)/kT , i 
where Ei is the intrinsic Fermi energy and E 
Unfortunately, there is little information available on the effect of 
is the trap energy. t 
a general stress on the trap energies of the many types of generation- 
recombination centers. Stress induced changes in the trap energy 
would, of course, be a function of the type of trap and its energy 
with respect to the conduction and valence levels. Data has been 
reported on the effects of hydrostatic stress on such impurities as 
gold.’ A study of the effects of stress on the lifetime in bulk 
semiconductors with known trap centers could lead to useful information 
concerning the changes in p and n In the absence of this information, 
it is not possible to predict the dependence of I on the stress except 
in the large forward biased case where p1 and n1 cancel out of the 
expression. 
1 1’ 
r 
In the large forward bias case where 
Eq. (1) reduces to 
qn WA 
no PO 
5 exp(qV/2kT) . (7 )  Ir ‘I + T  
Based on the foregoing assumptions and assuming W is approximately constant 
(good for V < Vo) , ni is the only stress dependant parameter. This gives 
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Ir = I 5 exp(qV/2kT) , or 
where I is the unstressed generation-recombination current. If only 
part of the junction area is stressed, As, then 
or 
A t - A  A 
S S - 
Ir - + - 5 Ior exp(qV/2kT) . At At 
It should be noted that the stress that alters the generation-recombination 
current is that which is located in the space charge region. This is 
different from that of the "ideal" currents where it is the stress at 
the edges of the space charge region that is important. 
In the case of large reverse bias such that qV/kT << 1, I is r 
given by 
2 
qn2 w I Ir = - 
'noP1 + 'pon1 
Ir Assuming for the moment that (Et - Eil is independent of stress, 
reduces to 
where I' is a constant. 
On the other hand, it is unlikely that the trap energy shifts would change 
It is unlikely that IEt - Eil is in fact constant. or 
i' in such a manner as to compensate very much for the changes in n 
111. COMPARISON WITH EXPERIMENT 
In actual p-n junctions, the total current is the sum of the "ideal" 
and the generation-recombination. (Surface generation-recombination 
currents can be important, however, the preceding model is good only 
for bulk generation-recombination.) The total current is then 
c10 
IT = II + Ir . (12) 
Consider a p-n junction in which the total junction is stressed. 
"ideal" current is, from Eq. (14) of I, 
The 
where I is the saturation current for zero applied stress. Adding 
the generation-recombination current to the ideal current for the 
forward biased case where Eq. (7) applies, gives 
01 
In germanium, diodes I usually dominates IT while in silicon, I 
Ir usually dominates IT for biases less than a few tenths of a volt. 
From Eq. (14), one would expect the "ideal" component of current to be 
increased by stress by the factor q m o r e  than is the generation- 
recombination component. 
V 
Silicon mesa diodes have been fabricated and tested to determine 
the effects of stress on the forward biased I-V characteristics. Diodes 
were formed by diffusing a p-type layer into an n-type substrate. The 
p-type layer was then etched away except for circular dots which defined 
the mesa diodes. The forward bias characteristics were dominated by 
generation-recombination currents at voltages below a few tenths of a 
volt and switched to "ideal" currents at higher voltages. 
were stressed by applying a known force through a steel post to the mesa. 
Figure 1 shows a typical plot of the characteristics of a diode 
The mesa diodes 
formed on a 0.01 s1-cm, (110) oriented substrate. The diameter of the 
mesa was 33 microns. The magnitudes of the applied forces are shown in 
c11 
or Jyv the figure. 
and I y chosen to give the best fit to the data. A s  shown in the 
figure, Eq. (14) gives a reasonable fit to the data. 
the model, stress causes a larger change in the "ideal" current than it 
does in the generation-recombination current. This is better illustrated 
in Figure 2 where the experimental values of I y and I are 
plotted as a function of applied force. 
generation-recombination current is one-half that of the "ideal" current 
when plotted as a function of force on semilog paper. 
straight line in this type of plot. This shows that, in fact, 
The solid lines were calculated using Eq. (14) with I 
01 v 
A s  predicted by 
01 v or v 
A s  expected, the slope of the 
Note also the 
= C exp C2 F/A. The constant C as determined from Figure 2 
is larger than that predicted by theory. 
uneven stressing due to surface irregularities of the mesa. 
Due to the physical construction of the present diodes (no junction 
yv 1 2 
This probably results from 
passivation), the surface contributions to the total current were dominant 
in the reverse biased condition. Although stress did, in fact, induce 
changes in the I-V characteristics for reverse biases, the characteristics 
and the stress induced changes were non-reproducible from sample to sample. 
Based on data obtained by Matukura" on planar type silicon p-n 
junctions operated in both the forward and reverse biased condition, 
it appears that there is little if any change induced in the factor 
(Et - Ei I by stress. 
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IV. DISCUSSION 
The model presented here has assumed that there are no reversible 
stress induced generation-recombination centers. At high dynamic stress 
levels, one often finds that the effects are not completely reversible 
whereas they are reversible for static loading. These hysteresis effects 
are usually small and negligible. A more common effect is a permanent 
or semi-permanent change in the I-V characteristics induced by extremely 
large stresses (stresses near or above the fracture strength of the 
semiconductor). These effects are attributable to stress induced 
dislocations which result in new generation-recombination centers. 
For example, we have observed that p-n junctions which exhibited "ideal" 
current at a given forward bias exhibited generation-recombination 
currents which were orders of magnitude larger than the "ideal" current 
after large stresses were applied and removed. The large stress induced 
generation-recombination currents were affected by stress in the same 
manner as any other ordinary generation-recombination currents. 
current at a constant bias and constant stress did decrease with time, 
however, which indicates that the individual centers were annealing 
with time. 
The 
In order to compare experimental data with the present theory 
for generation-recombination currents and the theory presented in I for 
"ideal" currents, care must be used to separate the two companents. 
Also, the contributions due to surface generation-recombination must 
be removed since neither theory holds for the surface currents. 
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